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ELEMENT RADIONUCLIDES IN WASTE ISOLATION
PILOT PLANT BRINES: A REPORT BY THE EXPERT
PANEL ON THE SOURCE TERM

David E. Hobart*, Carol J. Bruton$, Frank J. Millero?, I-Ming Chou?,
- Kathleen M. Trauth*™*, and D. Richard Anderson™

Sandia National Laboratories
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ABSTRACT

The Waste Isolation Pilot Plant (WIPP) is a research and development facility mined in Southeastern New Mexico
bedded salts for demonstrating the safe disposal of transuranic waste. Sandia National Laboratories’ (SNLs')
evaluation of the long-term performance of the WIPP includes estimation of the cumulative releases of radionuclide
elements (radium, thorium, uranium, neptunium, plutonium, americium, and curium) to the accessible environment.
Nonradioactive lead is added to this list of elements considered because of the large quantity expected in WIPP
wastes. Estimation of cumulative releases is dependent upon reliable assessment of the solubilities of these elements.
Because sufficient WIPP-specific data on radionuclide solubility in high-ionic-strength brine solutions was scarce,
SNL staff assembled an expert panel and utilized an elicitation process to develop solubility probability distributions.
To estimate the solubilities of these elements in WIPP brines, the Panel used the following approach. 1) Existing
thermodynamic data for radionuclide aqueous species were used to identify the most likely aqueous species in
solution under potential ranges of WIPP conditions through the construction of aqueous speciation diagrams. 2)
Existing thermodynamic data for radionuclide-bearing solid phases and.expert judgment were used to identify
potential solubility-limiting solid phases given potential ranges of WIPP conditions, being careful to select two
solids: one limiting radionuclide concentrations to low values (the 0.1 fractile), and the other to high values (the 0.9
fractile). 3) Thermodynamic data for radionuclide aqueous species and radionuclide-bearing solid phases selected
above for each radionuclide were used to calculate the activities of the radionuclide aqueous species in equilibrium
with each solid. 4) Activity coefficients of the radionuclide-bearing aqueous species were estimated using Pitzer’s
equations for aqueous species that were considered by panel members to be chemically similar to the radionuclide-
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bearing aqueous species. These activity coefficients were then used to calculate the concentration of each
radionuclide at the 0.1 and 0.9 fractiles. 5) The 0.5 fractile was chosen to represent experimental data (Nitsche
[1991] in Yucca Mountain, Nevada well J-13 water for neptunium, plutonium, and americium, for example) with
activity coefficient corrections as described above. 6) Because of information available outside of the GEMBOCHS
database, the probability distributions for lead and radium were developed as discussed in separate sections of the
text. 7) Expert judgment was used to develop the 0.0, 0.25, 0.75, and 1.0 fractiles by considering the sensitivity of
solubility to the potential variability in the composition of brine and gas, and the extent of waste contaminants, and
extending the probability distributions accordingly. The results were used in the 1991 and 1992 performance
assessment calculations.
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PREFACE

This report describes the development of probability distributions used in the 1991 and 1992 preliminary
performance assessments. Many of the assumptions made for this work: brine volume, redox conditions, important
radionuclides, etc., have been refined since 1991, and some have changed considerably.- The reader should keep in
mind that this report relies on the conceptual model of the WIPP as it was in 1991, which is not necessarily the
mode] in 1995 or that used in the application for certification with 40 CFR Part 191. =
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INTRODUCTION

Background

The Waste Isolation Pilot Plant (WIPP) was authorized by Congress in 1979 as a research and development
facility to demonstrate the safe management, storage, and eventual disposal of transuranic waste generated by the
defense progra.m-s (U.S. Department of Energy, 1979). Located in the 2,000-ft thick Salado Formation of marine
bedded salt in southeastern New Mexico, approximately 24 miles east of Carlsbad (Figure 1), WIPP is a mined
geologic repository for radioactive waste disposal. The bedded salts consist of thick halite (NaCl) and interbeds of
minerals such as clays (sheet silicates) and anhydrites (CaSOy) of the late Permian period (about 255 million years
ago) that do not support flowing water (Figure 2) (Bertram-Howery et al., 1990). Deep salt formations have a
number of characteristics that are desirable in a host rock for nuclear waste disposal. Salt formations have a very
low water content and low permeability, reducing the potential for groundwater radionuclide migration. Salts are
self-sealing, and, in addition, salt is easily mined (OECD/CEC, 1984). A major mechanism that would permit
migration of radionuclides from the repository to the accessible environment is a disruptive event that introduces
significant quantities of water.

Before operating, the WIPP must comply with the U. S. Environmental Protection Agency's Environmental
Standards for the Management and Disposal of Spent Nuclear Fuel, High-Level and Transuranic Radioactive
Wastes (U.S. Environmental Protection Agency, 1985, 1993). Important criteria in 40 CFR 191 in determining the
suitability of the WIPP for permanent disposal of radioactive waste include standards (Subpart B, Section 191.13),
which place limits on the probability that cumulative radionuclide releases to the accessible environment over the
next 10,000 years will exceed prescribed quantities. Subpart B, Section 191.15 requires that the radiation dose
received by any member of the public in the accessible environment be limited for 10,000 years after disposal, and
Subpart C contains groundwater protection requirements that limit the radionuclide concentrations in underground
sources of drinking water for 10,000 years.

Sandia National Laboratories (SNL) is currently evaluating the long-term performance of the WIPP.
Performance assessment is an analysis that: *“(1) identifies the processes and events that might affect the disposal
system; (2) examines the effects of these processes and events on the performance of the disposal system; and
(3) estimates the cumulative releases of radionuclides, considering the associated uncertainties, caused by all
significant processes and events.” (U.S. EPA, 1985, p. 38086) These estimates are incorporated into an overall
probability distribution of a release. The performance of a computer modeled disposal system is analyzed
probabilistically through the use of a Monte Carlo technique described elsewhere (Helton et al., 1991, p. III-1 to III-
53). Sensitivity analysis performed by SNL involves determining the contribution of individual input variables to the
uncertainty in model predictions (Helton et al., 1991, p. II-1).

The most significant disruptive event considered by SNL is one of future human intrusion. Even though passive
institutional controls (e.g., permanent markers, records, and other controls, indicating the dangers of the waste and
their location) will be used, salt formations are often associated with economic resources such as petroleum and
natural gas. Thus, future drilling is a possibility. A typical example of a human intrusion scenario is depicted in
Figure 3. This example consists of a single borehole that penetrates through a waste-filled room and into the
underlying pressurized brine reservoir in the Castile Formation. Upwelling -pressurized brine fills the
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repository and associated drifts, solubilizes the radionuclides contained in the waste, and migrates out into the
overlying Culebra Dolomite aquifer and out to the accessible environment. In this situation, the high salt
concentration in the brine is expected to increase the mobility of radionuclides through complexation with chloride,
carbonate, sulfate, and other ligands present in the brine, as well a host of inorganic and organic ligands present as
co-contaminants in the waste package. )

The radionuclides of greatest concern in the WIPP inventory (and their daughter products) at the time of the
expert judgment elicitation included radium, thorium, uranium, neptunium, plutonium, americium, and curium (see
Table 1, which is a reprint of Lappin et al., 1990, Table 4-3). These are also among the radionuclides of significant
environmental concern in most radioactive wastes (Kerrisk, 1985; Oversby, 1987; Hobart, 1990). Nonradioactive
lead is included on the WIPP list of elements addressed because it is expected to be present in substantial quantities
as shielding debris. Predictions of the solubility of the above radionuclides and lead in WIPP brines are needed for a
source term as input for modeling the potential release of radionuclides into the environment.

The sensitivity analysis performed on the 1990 preliminary performance assessment indicated that the
solubilities of radionuclides were important to the results: "Releases to the accessible environment due to
groundwater transport were dominated by solubility limit and retardation...” (Helton et al., 1991, p. ii).

Problem Statement

In the conduct of the performance-assessment calculations, the estimation of the releases is probabilistic in
nature, requiring system parameters to be described with probability distributions. Sufficient WIPP-specific
radionuclide solubility data were not available (in the high ionic strengths encountered at WIPP) to perform a simple
statistical test to develop the appropriate probability distributions for the preliminary performance assessment being
conducted. The problem was how to develop the necessary distributions. The WIPP Performance Assessment
Division chose to use an expert judgment panel as a means to develop the necessary probability distributions, relying
on the knowledge and expertise of the panel members to evaluate available data. The expert judgment panel for
solubilities was called the Source Term Expert Panel, or simply the Panel, in this report.

The expert judgment process was constrained by several factors that would, of course, affect the results. First,
the experts were to rely on existing data, although various experimental programs were under way. The preliminary
performance assessments were conducted to refine the process for evaluating a proposed repository and to identify
those parameters that most impact the results. The performance assessment calculations were conducted while
experimental programs were ongoing, and judgment had to be applied with incomplete information. In addition, the
GEMBOCHS thermodynamic database used in this effort is in a state of continuous development.

Second, thie information was to be developed rapidly in order to be available for the 1991 preliminary
performance assessment calculations. The decision to use an expert panel was made in January 1991. The WIPP
Performance Assessment Division had committed to performing calculations and providing reviewed documentation
to its Department of Energy (DOE) customer by December of 1991. Scheduling an expert panel to provide
information by the predetermined date for the start of calculations in April 1991 meant that with the




Table 1. Mass Inventory of Radionuclide Species and Stable Lead in the Repository
(reprinted from Lappin et al., 1990, Table 4-3)

Initial Inventory at

Decay Chain or Radio- Half Life Inventory” 175 Yearst

Waste Species nuclide (years) Cilg (2) 2)
240py—236y - 240py 6.54 x 103 228 x 1071 5.27x 165 5.17 x 105
236y 234 %107 6.47 x 1075 0 9.52 x 103
239, 29py 2.41x 104 6.21 x 1072 7.88 x 106 7.84 x 106
238, 234, 238py 8.77 x 10 1.71 x 10! 3.06 x 105 0**
—230Th—226Ra 234y 2.44 % 103 6.26 x 10~3 0 3.01 x 105
_210, 230Th 7.70 x 104 2.02 x 10~2 0 of
226Ra 1.60 x 103 9.89 x 10~1 0 o8
210pp, 2.23 x 101 7.64 x 101 0 o8
241py 241py 1.44 x 101 1.03 x 102 456% 104 0**

d 241Am 432% 102 3.43x 100 2.25 % 10° 2.06 x 105
241 Am—237Np 23Np 2.14 x 109 7.05x 1074 1.53 x 10% 7.93 x 104
—233y—229Th 233y 1.59 % 105 9.65x% 1073 9.82 x 10° 9.81 x 105

229Th 7.43 % 103 2.10x 101 0 of
Stable Pb - - - 1.33x 10° 1.33 x 10°

Initial inventory at the time of decommissioning (in Ci) is from U.S. DOE[a] (1990, Table B.2.13), except

stable Pb, from Lappin et al. (1989, Table E-5). The inventory of stable Pb is not scaled up, because stable
Pb is not depleted in any of the cases.
T Transport calculations start 175 years after institutional control begins, i.e., after 100 years of institutional
control and an effective plug life of 75 years.

*k

Because 238Pu and 241Pu have short half-lives and large retardation factors, their migration from the source

is minimal. Therefore, the conservative approach taken here converts all 238Pu and 241Pu to daughter
products at simulation beginning.
¥  Because of large retardation factors relative to their parents, 239Th and 22°Th migration is controlled by their
parents. In addition, both radionuclides have very little mass in place at 175 years. Therefore they are not
considered to be present at 175 years.
§  These nuclides are not present in quantities large enough at 175 years to warrant source inclusion.

preliminary activities (nominations, selection, contracting, etc.), the Panel would have just over one month to

develop the necessary information with the concomitant limitation in the technical resources that could be utilized.

Third, there was great uncertainty about the conditions expected in the repository, i.e., the Panel was not able to
assume that actions would be taken (e.g., the use of specially designed backfill) to fix the conditions (i.e., with
respect to Eh, pH, etc.) in the repository after closure.

This report is intended to document the events that took place in 1991 in developing input parameters for the
1991 (and subsequently 1992) performance assessment calculations. Any subsequent data collection or analyses
regarding solubilities are not pertinent to this effort, and are not discussed here. Further information on the conduct

of the Panel can be found in Trauth et al. (1992).



Expert Judgment Concepis

A few concepts regarding expert judgment are presented here. Bonano et al. (-1990) present a thorough
discussion of the elicitation and use of expert judgment for a repository program. Hora and Iman (1989) present a
succinct discussion of the procedure for expert judgment elicitation. .

Expert judgment is the best professional opinion of experts in a particular field. It is used to synthesize what is
known (existing data) to provide the required information for a particular application. Expert judgment is not a
substitute for measured data, but examines whatever data exist (however abundant or sparse, under whatever
experimental conditions they were collected) to provide the required information. Measured data from appropriate,
practical experiments performed in a timely manner are always preferred. The extent to which directly applicable
data exist, and the degree to which a phenomenon is understood, dictate the extent to which judgment must be used
to provide the required information. Consideration of alternate data sources for inclusion in the current application is
a problem-directed process. The appropriate use of expert judgment must be evaluated on a case-by-case basis, and
is driven by the individual circumstances.

Expert judgment is an integral part of science. The use of professional judgment is a normal part of the conduct
of science. The development of a conceptual model to describe a natural phenomenon requires judgment to examine
the current state of knowledge and to produce a coherent model of the behavior of a natural system. Judgment is
required in developing mathematical and computational models to represent conceptual models. Before data are ever
collected from an experiment, judgment is used in developing the hypothesis to be evaluated and in establishing the
experimental conditions. Experimental data require interpretation for appropriate use in computational models.

As used in this report, data and information are different. Data may be collected through measurements or
observations, under experimental or natural conditions. Information may be defined as data interpreted and used for
a specific application. It is important to realize that the use of expert judgment does not constitute creating data. It
should also be realized that even when data are available, expert judgment may be necessary to develop information
for the application required (e.g., to consider the impact of large physical distances/areas and long time periods).

Source Term Expert Panel

A brief discussion of the conduct of the Panel as it relates to the context in which the effort was conducted is
presented below.

Issue Statement

The Panel was asked to develop probability distributions for "the equilibrium dissolved mass concentration of
the ith radionuclide in WIPP brines that contact WIPP wastes" and "the equilibrium suspended mass concentration of
the ith radionuclide (suspended in the form of colloids or particulates) in WIPP brines that contact WIPP wastes"
(Trauth et al., 1992, p. B-10). The eight elements of concern in performance assessments were given as americium,
curium, neptunium, plutonium, thorium, and uranium, radium, and lead.

Probability distributions characterize where a fixed, but unknown, quantity might fall. This fixed quantity is the
concentration of a specific radionuclide in repository brine that might be forced up-an intruding borehole. The




existence of a sufficient amount of brine to transport radionuclides was assumed by the performance assessment
calculations.

The issue statement prescribed the fields that must be covered by the experts—both actinide, transition, and
alkali earth metals chemistry, and high ionic strength chemistry.

Panel Selection - =

Nominees for Panel members were sought from the SNL principal investigator for the source term, from a
member of the external Performance Assessment Peer Review Panel, from a member of the National Academy of
Sciences WIPP Panel, and from a University of New Mexico consultant. The pool of nominees was further increased
with additional names provided by the individuals contacted originally. Nominees were evaluated by two individuals
familiar with performance assessment (Dr. G. Ross Heath, University of Washington, and Chair of the Performance
Assessment Peer Review Panel) and decision analysis—the discipline encompassing expert judgment (Dr. Detlof
von Winterfeldt, University of Southern California) based on established criteria (see Trauth, et al., 1992), and
selected four members for the Panel (the first four authors of this report).

Task Assignment

The Panel met in Albuquerque, New Mexico, March 7-8, 1991 and again April 8-9, 1991. During the first
meeting, the Panel members were given an introduction to the WIPP Project and the performance assessment effort.
A considerable amount of time was spent in providing them with information regarding performance assessment
modeling, waste form/backfill/closure characteristics, disposal room chemistry, and the SNL experimental program
on radionuclide chemistry. In addition, the Panel members received training in the use of expert judgment and the
development of probability distributions. During the first meeting, the panelists were also presented with the issue
statement describing the human intrusion scenarios, information on the computer program that models the brine
inflow to and outflow from the rooms and drifts, and the statement of the problem, as well as published papers and
reports identified from a literature search. These papers and reports focus on radionuclide solubility in high ionic
strength solutions in salt formations, and include the United States repository program as well as experiments
conducted in Germany, Canada, Finland, Sweden, and by the Commission of the European Communities, Joint
Research Center at Ispra, Italy. Other topics include speciation, colloids, the leaching of radionuclides from vitrified
high level waste, and the imp.act of backfill materials.

Panel Deliberations

During the second meeting, the panelists presented their concept for how to develop the required probability
distributions. The distributions were developed in real-time during the meeting. Modifications were made to two of
the radium dis—tributions directly after the meeting and the values distributed to the Panel. Separate probability
distributions were developed if particular conditions would affect the results (i.e., the presence or absence of
carbonate or sulfate ions) or for different radionuclide oxidation states (ITI, IV, V, VI).

The probability distributions for radionuclide solubilities (and nonradioactive lead) developed by the Panel are
provided in Tables 2 and 3 (for actinides, and for lead and radium, respectively). The values represent a theoretically
derived concentration for the repository as a whole, and are based on the assumption that the concentration is a fixed



value. The development of the probability distributions did not take into account inventory limits, nor did it consider
waste dissolution rates. The concentrations are presented in terms of a cumulative probability distribution. Thus, the
values under the column heading 0.0 within the category of "Cumulative Probabilities of Concentrations (M)"
indicate the concentration below which there is a 0% probability of occurrence. In the second column of that group,
there is a 10% probability that the fixed concentration is below that value. In the fourth column, the values represent
concentrations, where there is a 50% probability of the fixed concentration being above that value and a 50%
probability of the fixed concentration being below that value. In the extreme right-hand column, the values indicate
that there is a 100% probability that the fixed concentration is below that value,

Although the issue statement requested the development of probability distributions for suspended species, the
Panel did not feel that they could properly address colloids. There were not sufficient thermodynamic data available
on colloids to treat them in a fashion similar to dissolved species.




WNLING UO UOH03S S Uf Passnasip se ‘(ITF) Uy Jo yeu) Aporxa apewtt seam (T11) WO JoJ uolnginsip Anpiqeqod ayJ,

4 g-01X¥'1 901X T PRUEY 01-01%072 1101 % 0°¢ p1-01 X 0°S * +gW0 (amwo
fooHowy

vl g0IX¥T 001 %T'1 601 %07 o101 %07 11-01 % 0°¢ p1-01 X 0§ (snoydrowe) E(HOwY +Gowy) Tpwy
tong

g-01 %0 (O1X0Y g-01x 09 0101 %09 71-01%0'9 c1-01% 0 91-01%07 ¥(Ho)nd (o)) (ADng
Zond

p-01 %S ¢-0I x5S (01 %07 01-01 %09 g1-01%0% 9101 x€T L1-01%ST Y(Ho)nd +(Cond) (Ang
todN

¢-01%0¢ 901X 0T (01 %09 601 %09 11-01 %09 ¢1-01 X 0°€ o101 X 0°€ Y(HO)IN 510N - (ADdN
O%HS €*£00%0dNEN

01Tl g-01%T1 g-01 x0T LO1%09 g-01 X 0'€ 01-01 X 0°E (01X 0€  (snoydiows) (HO)20IN (£00%odN) (AN
8ofn

p-01 X 0T ¢-0T x0T g-01%x0'S 901X 0T LOTX0T g0 x0T 1-01%0°1 (snoydsoure) 2o o'HON (aDn

) ton .

0t 10 701X 0T ¢-01%07 ¢-01%x0°€ g1 %01 L1 x0T o%Hzefon —¥€o0)¢on (nn
%oyl

g-01%2TT (01%TT g-01 %0 o1=01 %01 Z1-01%0°1 1-01%¢°S g1-01 X §'S Y(HoML oV (HOML (ADuL

001 06'0 bsLo 050 $T0 01’0 00 wnwiui , Sotads WY
puB WnWIXeA uonnog
so100dg
(W) suoneRU22UCD JO SANI[IqeqoId 2alB[nWIND pIOS

(SOpIUIOY) SUOTIEIU0UCY) JO JUSWISSASSY [oub HadXE uo-001n0g aprjonuoipey 7 SqeL




11

usqQy
oJuJing pue
081 oLl Pl 01T 9'8 (124 0T apeuoqie) otuzeliovy
Juasaly €00(x0rey)
01 101 x 91 ¢-01 %91 90T %91 L0 %91 g-01 %91 ¢-01 %91 deuoqie) pue 00wy
WosaId Yos(eorey) w2
90IX0'T L01%0T (01X 0T g0 %01 601 %0 0101 X 0° =01 %01 oging pue Fosey (e
asqy
o'ot 09 T 9’1 0’1 or'o 100 Bu:.onao Zoad
uasaIg _Yoad
701 %08 Zz-01 X %9 -0t *¥¥ g-01x08 $-01 %071 ¢-01 %01 6-01%071 djeuoqie)n fooad (imad
00'1 06'0 ! SL'0 0S°0 sT0 or'o 0'0 uonipuo)y 3?"”% sa102dg
plos uonnjog
(D) suonERUaOU0) JO SINIfIqRqoI sAlR[NY EM_H”E

(wnipey pue peyJ) SHORENUIIUC) JO JUSWSSISSY [duBd PadXH WIS -301n0S SPIONUCIPRY € S[qBL




12



PROCEDURE

The Source Term Expert Panel was tasked with assigning concentrations for Pb, R;, Th, U, Np, Pu, Am, and
Cm to the 0.0, 0.1, 0.25, 0.5, 0.75, 0.9, and 1.0 fractiles of the probability distribution in WIPP brines. Trauth et al.
(1993) describe the probability approach to performance assessment taken by SNL. The ideal way to assign such
values is to use directly applicable experimentally determined values. However, few WIPP-specific experimental
radionuclide solubility studies were available at the time the Panel was convened. In addition, the large ranges in the
chemical conditions that could exist in the post-emplacement WIPP environment make it virtually impossible to
explore all conditions experimentally. In such cases, one usually turns to geochemical models based on available
experimental data to predict radionuclide concentrations under other conditions.

Solubility data did exist for radionuclides in dilute waters at the time the Panel was convened. However, these
data must be extended to high ionic strengths which are out of the range of Debye-Hiickel theory for calculating
activity coefficients. The Pitzer and Harvie-Moller-Weare equations have been used successfully to describe activity
coefficients in high ionic strength saline solutions. Once again, however, the constants required by these equations
for the radionuclides of interest were not available. As stated in step 4), below, analogs chemically similar to the
radionuclides of interest were used in the equations.

In order to make the best use of all available data in the time available, the Panel decided to use the following
approach to obtain the 0.0, 0.1, 0.25, 0.5, 0.75, 0.9, and 1.0 fractiles.

1) Existing thermodynamic data for radionuclide aqueous species and expert judgment were used to identify
the most likely aqueous species in solution (under potential ranges of WIPP conditions) through the
construction of speciation (Eh-pH) diagrams. These data were obtained from the GEMBOCHS database
version datal.com.R9, developed at Lawrence Livermore National Laboratory for use with the EQ3/6
computer code (Wolery, 19791). The database included the then recently compiled uranium database of the
Nuclear Energy Agency (NEA), and the latest sources of data for most of the radionuclides.

2) Existing thermodynamic data for radionuclide-bearing solid phases (again from the GEMBOCHS database
version datal.com.R9) and expert judgment were used to identify potential solubility-limiting solid phases
(siven potential ranges of WIPP conditions), being careful to select two solids, one yielding radionuclide
concentrations at low values (a sparingly soluble solid), and the other at high values (a highly soluble solid).
Various radionuclide-bearing solid phase(s) were suppressed when calculating the Eh-pH diagrams
described in 1) in order to aid in identification of solids that provide upper and lower limits to radionuclide
activities in solution. In some cases, such as with uranium, educated judgment was used to select solids
serving as upper and lower solubility-limiting phases.

3) Thermodynamic data for radionuclide aqueous species and radionuclide-bearing solid phases selected
above for each radionuclide were used to calculate the activities (effective concentrations) of the dominant
radionuclide aqueous species in equilibrium with each solid.

1 The EQ3/6 software package overview can now be found in Wolery, 1992. -
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4) Activity coefficients of the radionuclide-bearing aqueous species, under high ionic strength brine
conditions, were estimated by the use of specific-ion interaction (SIT) and Pitzer's equations (Pitzer, 1974,
1979; Pitzer and Kim, 1974; Pitzer and Mayorga, 1973, 1974) for aqueous species that were considered by
Panel members to be chemically similar to the radionuclide-bearing aqueous species. These activity
coefficients were then used to calculate the concentrations of each radionuclide at the 0.1 and 0.9 fractiles.

5) The 0.5 fractile was chosen to represent experimental data (Nitsche, 1991 in Yucca Mountain, Nevada, well
J-13 water for neptunium, plutonium, and americium, for example) with activity coefficient corrections to
‘WIPP Brine A as described above.

6) Because of information available from sources outside of the GEMBOCHS database, the probability
distributions for lead and radium were developed as discussed in the text (section entitled "Development of
Lead and Radium Probability Distributions").

7) Expert judgment was used to develop the 0.0, 0.25, 0.75, and 1.0 fractiles by considering the sensitivity of

- solubility to the potential variability in the composition of brine and gas, and the extent of waste
contaminants, and extending the probability distributions accordingly. Large variability in pH, Eh, ionic
strength of the brine, or ligands present or absent would be expected to introduce significant variations in
solubility, so distributions were extended orders of magnitude in some cases.

Using this approach, the fractile concentrations given in Tables 2 and 3 for each element were obtained. In all
cases, it is important to maintain the link between the concentrations and the fractiles of the probability distribution.
The range in concentrations should not be reported; rather, each fractile concentration must be linked with the
probability that the concentration will occur. The requirement imposed by the probability approach is that the 0.0
and 1.0 fractiles represent the absolute minimum and maximum concentrations that may occur, and should be
considered as pushing the variable to extremes. This requirement ensures that the concentrations range over many
orders of magnitude. However, as emphasized by the elicitor, the range of values between 0.0 and 0.1 and between
0.9 to 1.0 will have less impact on the performance assessment (PA) results than the values between the 0.1 and 0.9
fractiles owing to their lower probability of occurrence.

The implementation of the procedure discussed in the next section is meant for both the individual interested in
the treatment of solubilities for performance assessment modeling and the individual interested in the implementation
of the expert judgment process. A more general discussion of the actual steps taken in developing the probability
distributions is provided in this report. Additional references and material are found in the appendices.
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IMPLEMENTATION OF THE PROCEDURE

Background
Assumptions

A number 6f assumptions were made in order to implement the procedure. “The pH of the repository
environment was expected to be near 7 for the purposes of selecting the dominant aqueous species in step 1). A pH
of 7.6 (the pHgg, of Brine A; discussed in the "Brine Composition" section) was used for calculating activities of
radionuclide aqueous species in equilibrium with the solids in step 3). A somewhat oxidizing environment, related to
the human intrusion scenario, was also assumed for the purpose of selecting the dominant aqueous species. The
consideration of different oxidation states for the actinides incorporates the impact of differing Eh potentials. A
temperature of 25°C was selected because it is close to that expected in the rooms and because extensive
thermodynamic data are readily available at this temperature. The representative aqueous solution for solubilities
was selected to be WIPP Brine A. WIPP Brine A was selected because it is an intergranular brine expected to
accumulate in WIPP disposal rooms and because WIPP Brine A is well characterized (Molecke, 1983). Naturally
occurring ligands in Brine A were considered and incorporated into the procedure, with the exception of fluoride and
phosphate (these ligands are noted to be of inconsequential concentration). Organic ligands from the WIPP waste
itself were not included in the speciation calculations, because they were assumed to occur in insignificant
concentrations as compared to the "native” inorganic ligands in the brine (Choppin, 1988). Effects of surface
complexing, sorption, and colloid formation were not considered. In addition, the activity of water was assumed to
be 1 for the calculations used to develop the 0.1 and 0.9 fractiles, even though it has been calculated as 0.78 in WIPP
Brine A.

Calculation of Solubility-Limited Radionuclide Concentrations

The concept of a solid limiting the solution concentration of a radionuclide is central to the calculation of the
metal concentrations defining the 0.1, 0.5, and 0.9 fractiles. The equilibrium between a given solid and an aqueous
(or solution) species is expressed by a mass action expression with an associated thermodynamic equilibrium
constant K.2 For example, equilibrium between solid PbCl, and the aqueous species Pb2* and CI- is expressed by
the mass action expression

PbCl,(solid) = Pb2* + 2CI~ ¢))

for which the thermodynamic equilibrium constant K is defined

- K= (apb2+ ag- )/ (anClz (solid)) @

where a; refers to the activity of the ith species. Activity can be considered an effective concentration. The activity
of an aqueous species is related to its concentration in solution by the activity coefficient y according to

2K is later referred to as Ksp. -
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an2+ Pb2+ me2+

where m refers to molality (moles per kilogram H,0). The activity coefficients of aqueous species may be close to
unity in dilute waters, such as many groundwaters. For high jonic strength brine solutions however, the activity of an
aqueous species may be many times its "analytical concentrations." Therefore, serious discrepancies may be
encountered if calculations are made using analytical concentrations instead of activities.

Activity coefficients may be determined experimentally or calculated by mathematical modeling. In dilute
solutions, the Debye-Hiickel Equation (Appendix A) has been useful. However, the Debye-Hiickel expression is not
accurate for predicting activity coefficients at high ionic strengths. The estimation of activity coefficients in high
ionic strength media can be made through the use of ionic interaction models which are discussed briefly in
Appendix B.

We have assumed that the activity of all solids is unity in this report, which is valid if the solid is pure and
contains no solid solution. Thus equation (2) reduces to

K =ap2e ag- @

The thermodynamic equilibrium constant X is calculated using thermodynamic data for each species in the mass
action expression such as (1). Thermodynamic databases such as GEMBOCHS, which is used for many calculations
in this report, contain tabulations of these equilibrium constants. We can use readily available aqueous speciation
computer codes to calculate the activity of species such as chloride in a given solution, such as was done for WIPP
Brine A in this report.

We can use equations such as (4) and (3) to calculate the concentrations of Pb2* with PbCl, in given solution.
In more general terms, this is how we use equilibrium with a solid to define the accompanying metal concentration in
solution. However, we must take explicit account of the fact that metals speciate in solution to form a variety of
aqueous species, also called aqueous complexes.

In general, radionuclide or metal ions do not exist in solution as simple hydrated ions (e.g., Pb2+) particularly
under near-neutral pH conditions. For example, in chloride solutions, Pb(I) may combine with chloride to form
. PbCl3, PbCl%_ , etc. Radionuclide and metal concentrations in solution may be significantly increased by the

formation of these aqueous complexes.

In view of the importance of aqueous speciations to the calculation of metal concentrations in solution, we
calculated the identity of the predominant metal-bearing aqueous species under different Eh and pH conditions at
25°C. The resulting aqueous speciation or Eh-pH diagrams, shown for example in Figures 4 and 5 for thorium and
uranium, illustrate graphically the identity of the aqueous species that is calculated to quantitatively dominate (that is,
possess the largest activity or effective concentration) the collection of metal-bearing aqueous species that form at
given values of Eh and pH. Each diagram was calculated for the composition of WIPP Brine A (Table 4).

The dominant aqueous species under oxidizing conditions and a pH of 7.6 (see above) was identified using these
speciation or Eh-pH diagrams. Mass action expressions were written between the dominant metal-bearing

16



Table 4. The Composition of Selected Brines from the WIPP Site™

Ton G-Seep SB-3 Brine A Brine B
From Brush (1990, Table 2.2)
Na* 4.11 3.87 1.77 4.97
Mg+ 0.63 1.00 144 <0.005
Ca2t+ - 0.0077 0.009 0.02 0.02
K+ 0.35 0.51 0.77 <0.005
B3+ 0.144 0.127 0.020 0.020
Cl- 5.10 6.01 5.35 4.93
Br- 0.017 0.014 0.01 0.01
so0?~ 0.303 0.170 0.04 0.04
Calculated by Panel

- B(OH); 0.015 0.033 0.015 0.0004
B(OH); 0.129 0.094 0.005 0.020
PHEree 7.10 7.16 7.56 7.22
PHrotal 6.65 6.85 7.49 7.09
Activity of water, 0.785 0.744 0.783 0.806
3,0

2

Density’ 1.209 1.219 1.188 1.170

" Tonic Strength, I** 6.68 7.58 7.02 5.12
Equivalent 5.738 6.397 5.455 5.025
modality, B¥

*

From the tabulation of Brush (1990, Table 2.2). The values of Na* have been adjusted to achieve

charge balance. Composition is expressed as moles per liter, M.

T  Estimated using Young's rule (Millero, 1979).

ok . . . . .
Ionic strength, I= }é z Zi2 ¢; , where z is the ionic charge and ¢ is concentration

# Equivalent modality, E= ¥} X zc.

aqueous species and the solubility-limniting solid. These mass action expressions were then used to define the metal
concentrations in solution.

It is recognized that some error is introduced by not fully accounting for the formation of the full range of metal-
bearing aqueous complexes, and focusing instead on the most dominant species. However, such calculations would
be time-consuming and highly dependent on changes in solution composition, and would in general introduce less
than a 50% deviation in the calculated concentrations.
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Brine Composition

The compositions of the WIPP intergranular brines have been considered by Brush (1990). These intergranular
brines are those expected to accumulate in WIPP disposal rooms after filling and sealing. Horita et al. (1991) have
studied WIPP intragranular brines. These brines are present as fluid inclusions, and are not expected to accumulate
in the repository to any significant extent. The brines are largely Na-K-Mg-Ca-Cl-SO, brines that have been formed
from seawater. Brush (1990) has suggested that four possible brines need to be considered. The compositions of
these brines are given in Table 4. The G Seep brine was collected from the WIPP underground workings. The SB-3
(standard brine) brine was defined by Brush and Anderson (1989), while Brines WIPP-A and WIPP-B are standard
brines thought to be in equilibrium with the minerals overlying the site (WIPP-A) and entering from below the site
(WIPP-B). WIPP-A brine was selected for the present study because its composition is representative of those
brines found in the Salado Formation (such as SB-3), and also because halite solubility and density data for this brine
have been obtained at temperatures between 20 and 100°C (Chou et al., 1982).

The differences in the brines can be examined by using the Pitzer equations (Pitzer, 1979) and the resultant
effect on the activity coefficients of the major components of the brines can be determined. At present, the Pitzer
equations at 25°C can be used to determine the activity coefficients of species (ions) in brines composed of H-Na-K-
Mg-Ca-Cl1-S04-Br-OH-HCO3-CO3-CO,-B(OH)3-B(OH), to high ionic strengths (Harvie and Weare, 1980; Harvie,
Mgller, and Weare, 1984; Felmy and Weare, 1986; Mgller, 1988). Researchers (including Frank J. Millero) have
calculated activity coefficients in these brines using Pitzer programs (Pitzer, 1974, 1979; Pitzer and Kim, 1974;
Pitzer and Mayorga, 1973, 1974). Activity coefficients in WIPP brines are given in Table 5. It should be pointed
out that single ion activity coefficients must be adjusted to a common scale before they can be compared for different
media. These activity coefficients can be used to estimate the stoichiometric pK* of carbonic acid, boric acid,
hydrogen sulfide, and water in the brines. These values calculated for WIPP brines are given in Table 6.

To use these stoichiometric pK*s to estimate the anions of acids that can complex metals in the brines, it is
necessary to know the total hydrogen ion concentration [H*] in the brines. The pH reported by Brush is National
Bureau of Standards (NBS) based rather than being a measurement of total [H*]. It is possible to estimate the values
from the values of pH measured using NBS (now National Institute of Standards and Technology [NIST]) buffers by
calibration of the electrode system in brines of similar composition. A WIPP Brine A solution was prepared for this
effort and used to calculate pHg,., and pHyy,. as discussed in Appendix C, and reported in Table 4.

The initial compositions of the brines of the WIPP sites are such that reasonable estimates of activity
coefficients for anions (from CI~ and SO‘Z{' salts) and for cations (from Na* and Mg?2+ salts) can be made. This

allows one to estimate the activity coefficients of free ions in the ionic brines. The effect of the major and minor
anions on trace cations can be estimated using an ion-pairing model (subsequently documented in Millero, 1992).
To use this model, it is first necessary to consider the ligands besides CI~ and SO%,' that can form complexes with

the nuclides of interest.
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Table 5. Activity Coefficients of Solutes (y) in the WIPP Brines Calculated Using Pitzer’s Equations*

- Ton G-Seep SB-3 BrineA Brine B
H* 1.04 1.86 2.27 2.29
Li* 2.14 2.63 2.97 ) 2.07
Na* 0.80 0.86 0.74 0.86
K* ~ 0.41 0.39 0.36 ; 0.50
Rb* 0.51 0.51 0.47 0.53
Cs* 0.31 0.30 0.39 0.29
NH} 0.52 0.53 0.50 0.57
TRISH* 0.47 0.47 0.45 0.52
Mg2+ 0.94 1.30 0.70 1.09
Ca?* 0.55 0.72 0.40 0.70
Sr2+ 0.48 0.62 0.38 0.56
Ba?t 0.19 0.20 0.15 0.25
Mn2+ 0.42 0.49 0.36 0.50
Fe2+ 0.63 0.83 0.51 0.84
Co2* 0.69 0.92 0.58 0.94
Ni2+ 0.81 1.14 0.67 1.08
Cu?+ 0.21 0.22 0.17 0.31
Zn2+ 0.06 0.04 0.05 0.11
uoz* 0.92 1.23 0.82 1.38
F- 0.40 0.38 0.35 0.46
crr 1.16 1.48 1.62 0.88
Br- 1.61 2.18 2.35 1.10
I 2.25 3.19 3.27 1.49
OH- 0.004 0.36 0.0020 0.28
HCO3; 0.41 0.42 0.461 0.43
B(OH); 0.052 0.018 0.0064 0.26
HSO; 1.10 1.52 1.99 0.71
HS- 0.76 0.70 0.63 0.88
HSO; 1.40 1.79 2.19 1.01
Clo; . 116 1.68 2.328 0.68
NO; 0.55 0.69 1.006 0.38
H,PO; 0.60 0.90 1.938 0.31
Acet™ 1.04 0.95 0.589 145
S0 0.02 0.025 0.0324 0.0210
co¥ 0.003 0.0016 0.00157 0.016
So% 0.09 0.11 0.128 . 0.094
HPOZ" 0.005 0.0032 0.00275 0.0098
POY- 1.1E(-5) 5.3E(-6) 2.1E(-6) 8.3E(-5)
TRIS 1.145 1.093 0.948 1.257
NH, 1.650 1.765 1.692 1.468

* These activity coefficients have been cormrected to include the impact of the liquid junction potential. This corrected
activity coefficient is described in Appendix C and is referred to as f.
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Table 5. Activity Coefficients of Solutes (y) in the WIPP Brines Calculated Using Pitzer’s Equations (continued)

- Ion G-Seep SB-3 BrineA Brine B
B(OH); 2.348 2.784 2.501 1.808
H,S 1.970 2.044 2.001 ) 1.794
SO, 1.459 1.536 1.488 1337
CO, 1.043 3372 2697 2.619

Table 6. Calculated pK's for the Ionization of Acid in the WIPP Brines

Acid G-Seep SB-3 Brine A Brine B
H,0 11.68 11.55 11.75 13.90
H,S 6.59 6.79 6.84 7.03

- H,CO; 5.50 5.72 5.95 5.94
H3BO; 7.60 731 7.00 8.76
H,S03 1.86 2.20 2.38 2.10
H;PO, 1.94 2.38 279 2.00
NH, 9.72 9.99 10.09 9.97
HSOy4 0.33 0.48 0.55 0.81
HCO3 8.80 8.88 8.69 9.44
HSO4 6.00 6.24 6.29 6.50
H,yPO, 5.13 5.02 4.71 6.06
HPO, 9.71 0.83 9.59 10.63

Ligands Present in the Brines

After the WIPP is closed and the shafts are sealed, the various components of the waste can contribute a number
of anions or ligands that can affect the speciation and concentrations of radionuclides in the brine. From an
examination of the behavior of metals in natural waters like seawater, it can be determined that OH", CO%", Cr,
and SO‘%‘ are the naturally occurring inorganic ligands expected to significantly influence the activity of metals in
the brines. Of these, the concentrations of OH~ and CO5~ will probably change with time. The summary of Brush
(1990) offers a good starting point for the amounts of the various ligands one might expect in the brine after waste
emplacement. The intermediate values selected by Brush are given in Table 7. Most of the waste-introduced
organic ligands are in the micro-molar level, and are assumed not to compete with the expected concentration of
carbonate ion (Choppin, 1988 [reproduced in Appendix D]). Additional information on brine ligands is found in
Appendix E.

The effect of major inorganic ligands on the solubility of the key elements in the brines was considered in the
calculation of the 0.1, 0.5, and 0.9 fractiles as described in this report.
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Table 7. Estimates of the Concentrations of Ligands in the WIPP Brines™

- Ligand Concentration
chloridet 50-60 M
sulfate’ 0.04-03M
ascorbate 10 mM
NO3 400mM
carbonate 1M
acetate 7 mM
citrate 700 pM

’ EDTA 1uM
o-hydroxyisobutyrate 400 nM
lactate 200 uM
oxalate 9 mM
oxine 100 M
1,10-phenanthroline 400 nM

- TTA 20 uM

* Brush (1990, Table 7.3)
T Brush (1990, Table 2.2)

Development of Actinide Probability Distributions

The speciation diagrams that were used to select an aqueous species and the Eh-pH diagram(s) that were used to
select solubility-limiting solid phases are provided in the text. These diagrams for WIPP Brine A were created
specifically for this effort. The pH range of 3 to 12 should encompass most brine pH conditions. The determination of
the dominant aqueous (i.e., dissolved) species in a particular solvent, represented by a speciation diagram, is
independent of the total amount of radionuclide initially introduced into solution. The only exception to this statement is
when a radionuclide forms an oligomer, a species containing two or more atoms of the same radionuclide. Calculations
suggest that oligomers don't form under the range of radionuclide concentrations in WIPP Brine A, and therefore,
radionuclide activities are not given for the aqueous speciation diagrams.

By use of the aqueous speciation diagram, a dominant aqueous species is selected for subsequent calculations.
Other less significant species containing that radionuclide exist, but are not considered in order to simplify the
calculations. Aqueous species occupy domains that on the diagrams are separated by lines. Lines separating dominant
aqueous species indicate conditions at which activities are equal.

A determination of the dominant solid phases, however, is heavily dependent on the activity of the radionuclide.
Therefore, activities are given for the solid phase Eh-pH diagrams. In some cases, several Eh-pH diagrams for solid
phases were examined to select the solid species for consideration:

"To supplement the Eh-pH diagram showing aqueous speciation, Eh-pH diagrams considering
both solid and aqueous species were constructed. The location and movement of the boundaries
between solid and aqueous species in response to variations in the activity of the radionuclide
illustrate the ability of solids to sequester radionuclides under varying Eh and"pH conditions. The
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diagrams also show how the identities and compositions of solubility-limiting solids vary with Eh
and pH." (Chu and Bernard, 1991, Appendix D)

The thermodynamic data used to develop the previously discussed diagrams were obtained from the GEMBOCHS
database version datal.com.R9, developed at Lawrence Livermore National Laboratory for use with the EQ3/6
computer code (Wolery, 1979). The database included the then recently compiled uranium database of the NEA, and the
latest sources for most of the radionuclides. Curium was not calculated, since thermodynathic data for this species were
not available in this database. This usage of speciation diagrams to identify pertinent species and the use of the
GEMBOCHS thermodynamic database to assess radionuclide solubilities and determine the impact of changing Eh and
pH conditions has been performed previously by one of the Panel members (Carol J. Bruton) (Appendix D from Chu
and Bernard, 1991). '

The mass-action equations used to calculate solution activities for equilibrium conditions between the aqueous and
solid species are found in Appendix F. The terms within these mass-action equations show that the calculated solution
activities are a function not only of the species in equilibrium, but may be a function of the pH, the oxygen fugacity, or
othef solution parameters, such as the activities of sodium, chloride, or carbonate. The manner in which variations in the
environmental conditions could impact the calculated activities was one of the considerations in developing the 0.0 and
1.0 fractiles.

It is very common to report concentrations and perform activity calculations in terms of the molality (moles per
kilogram of solution) of the solution. The concentrations reported in Tables 2 and 3 are in terms of molarity (moles per
liter of solution). In the case of WIPP Brine A, the difference in concentrations calculated in terms of molality and
molarity is approximately 20%. Because of the assumptions being made and the nature of the calculations, the resultant
estimated concentration ranges span orders of magnitude, so a difference of 20% will not have a great impact.
Concentrations were thus labeled as molarity for the performance assessment calculations. It should also be noted that
because of the order of magnitude calculations being performed, the values in Tables 2 and 3 were often rounded off.

Experimental solubility data for some elements in high ionic strength media did exist at the time of the Panel
meetings. Care must be taken in the direct use of individual experimental data because of qualifying criteria:

1) that sufficient time was allowed for the experiments to reach equilibrium or steady state;
2) that the aqueous species and the solubility limiting compounds were correctly identified;
3) that accurate phase separation was performed; and

4) that accurate concentration measurements were made.

Because of the availability of the experimental results of Nitsche and coworkers (Nitsche, 1991) on neptunium,
plutonium, and americium solubilities in low ionic strength water (from Yucca Mountain well J-13), the Panel chose
to specifically use them to develop the probability distributions. Corrections of these data to higher ionic strength
values were made using Pitzer's equations and specific ion interaction theory (SIT) formalism in order to estimate 0.5
fractile solubilities of these elements in Brine A. Pitzer equations are shown in Appendix G.
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In its deliberations and calculations, the Panel considered what species would be formed on dissolution, but not
what species would be present in the waste and would be stable on dissolution.

The following discussion provides additional details on how the probability distributions in Tables 2 and 3 were
developed.

Thorium - =

The dominant aqueous species for thorium above a pH of 5 and the full range of Eh is Th(OH)4(aq) as shown in
Figure 4. The solids chosen for the thorium system are ThO,(thorianite) and Th(OH), based upon the analogous
reasoning presented below for plutonium. The equilibrium equation between Th(OH)4(aq) and ThO,, a sparingly
soluble solid, was chosen to represent the 0.1 fractile with a calculated value of 5.5 X 10715 M. The equilibrium
equation between Th(OH)4(aq) and Th(OH)y, a quite soluble solid, was chosen to represent the 0.9 fractile, with a
calculated value of 2.2 x 10~7 M.

Other Fractiles
The 0.5 fractile for Th(IV) was estimated using an equilibrium constant, K, of 52.3 for the reaction:
Th(OH), Th* +40H- )

for a calculated value of 1.0 x 10710 M. The other fractiles were estimated by providing for the likelihood that
carbonate and chloride concentrations and other conditions will be variable.

Uranium

Figure 5 shows that the U(IV) species U(OH)4(aq) dominates at Eh values less than about 0. The U(OH)4(aq)
species was selected in contrast to the use of the aqueous species Np(OH)5 and Pu(OH)5 for other radionuclides.
Thermodynamic data for U(OH)5 did not exist in the database used in these calculations and was thus not available
for consideration. At more oxidizing Eh potentials and pH values between 5.5 and 11, the U(VI) species
U0,CO3(aq), UO,(CO3);~ and UO, (CO3)§" dominate. UO, (CO3)§' was chosen as the uranium species under
more oxidizing conditions because it is dominant at pH 7.6, the value that was chosen as a reference point for these
calculations.

The selection of uranium-bearing solids to represent the 0.1 and 0.9 fractiles for UIV) and U(VI) proved
problematic because of the wide variety of solids that contain uranium in different, including mixed, oxidation states.
For example, thermodynamic properties for the solids UO,, U3Og, U304, and U Oq are available. The discussion
below describes the approach for selecting U(IV) and U(VI) solubility limiting solids.

Uranium(IV)

Eh-pH diagrams were constructed to identify the solid that controls uranium solubility at a minimum in the
U(OH)4(aq) stability field. As shown in Figure 6, U3Og appeared as the most stable solid in the stability field of
U(OH)4(aq) and was thus chosen as the solid for the 0.1 fractile.
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Figure 4. Calculated aqueous speciation diagram for thorium in WIPP Brine A.
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Figure 5. Calculated aqueous speciation diagram for uranium in WIPE Brine A.
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Eh, Volts
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Figure 6. Calculated Eh-pH diagram for uranium in WIPP Brine A (assuming that the activity of the dominant
uranium-bearing aqueous species equals 1 X 1075.

The reaction between U30g and U(OH)4(aq) involves a change in oxidation state, and can be written as a
function of the oxygen fugacity (or partial pressure of oxygen). Therefore, we must estimate the expected partial
pressure of oxygen in order to calculate the concentration of uranium corresponding to the 0.1 fractile. We
considered an oxygen partial pressure of 1 X 10756 bars that corresponds to a pH of 7.6 and an Eh of —0.05 V along
the upper border of the U(OH),(aq) stability field shown in Figure 5. This would have resulted in a calculated
concentration of 2 x 10~7 M. Since the intent was to develop a "minimum" value, an oxygen partial pressure of
1 % 10752 bars was used which spread the distribution a bit more. The equilibrium equation between U(OH)4(aq) and
the solid U3Og represented the 0.1 fractile, with a calculated value of 1.0 x 10~8 M.

In the choice of UO,(amorphous) for the 0.9 fractile, we considered that amorphous phases are well known to
precipitate readily from solution, especially at low temperatures. For this reason, they tend to control element
concentrations in solution at comparatively high values. Thus, UO,(amorphous) was considered as an upper limit to
uranium solubility in the stability field of U(OH)4(aq). The equilibrium between these two species results in a
calculated concentration of 1.4 x 105 M. An added advantage to choosing this species is that its reaction with
U(OH),(aq) is independent of pH and other solution variables. Note that the values for UQV) at the 0.25, 0.5, 0.75,
0.9, and 1.0 fractiles are lower values than published in earlier material on this subject. An error in the value of an
activity coefficient was subsequently discovered. In the previous drafts, the activity coefficient for the uranyl
carbonate species was inadvertently used.
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Uranium(VI)

The solid-defining the 0.1 fractile was problematic. Figure 6 shows that the solids NayUO,(CO3); and CaUO,
are calculated to be most stable under oxidizing conditions. However, Panel members did not have sufficient
confidence in the thermodynamic data for these solids to select them to calculate fractile concentrations. The panel
members used expert judgment to select UO(uraninite) as the solid defining the 0.1 fractile. As was the case with
UQAV), equilibrium between UO(CO3)%' and UO,(uraninite) required specification of*the fugacity of oxygen. An
oxygen fugacity equal to 1 X 1033 bars, that corresponds to the lower limit of the stability field of UO, (CO3)%_
(see Figure 5), was selected. A choice of a higher oxygen fugacity would have produced increased uranium
concentrations in solution, whereas a lower limit was desired. The equilibrium calculations thus result in a value for
the 0.1 fractile of 1.0 x 107 M.

UOj3 - 2H,0 (schoepite) was selected as the solubility controlling phase for the 0.9 fractile because mass actions
expressions between UO, (C03)%" and schoepite yielded the largest concentrations of uranium in solution relative to
other uranium oxides. Equilibrium between UO, (CO3)%— and schoepite, used to define the 0.9 fractile, required
definition of the activity of HCO3 in Brine A, which was calculated to be 1 x 1072-34, The 0.9 fractile was thus
calculated to be 0.1 M.

Other Fractiles

For U(QIV), the interior fractiles were assigned based purely on the 0.1 and 0.9 fractiles without further data
input. The 0.0 and 1.0 fractiles were estimated by providing for the likelihood that carbonate and chloride
concentration, and other conditions will be variable in the brine.

For U(VI), the 0.5 fractile was estimated using a solubility product for UO,CO; taken from the literature in the
manner described for neptunium, plutonium, and americium. The remainder of the fractiles were estimated by
providing for the likelihood that carbonate and chloride concentration, and other conditions, will be variable in the
brine.

Neptuninm

Figure 7 shows the aqueous speciation of Np in WIPP Brine A. Over the relevant Eh and pH range, neptunium
species exist in the Np(IV) and Np(V) valence states. NpO,CO3 and Np(OH)5 were chosen to represent the

dominant species at Eh values greater than and less than about 0.2 V, respectively.

Although NpO,Cl(aq) appears in the aqueous speciation diagram to be the dominant aqueous species at the
selected Eh and pH range, the Panel decided to use NpO,CO3 instead. The Panel believed that, in the presence of

carbonate ion at pH values greater than 7, carbonate complexation should dominate the solution species. The Panel
felt that the thermodynamic data for NpO,Cl and NpO,CO3 that placed the stability boundary at a very high pH

value (about 8.8) was in question.
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Figure 7. Calculated aqueous speciation diagram for neptunium in WIPP Brine A.

At the time that the Panel was convened, there was significant controversy in the scientific community regarding the
validity of Np(OH)5 and also Pu(OH)5 as species. Since the convening of the Expert Panel, the NEA included
thermodynamic data for U(OH)S_ in their critical compilation of data for uranjum species, although it is considered
minor relative to U(OH), (aq) at pH values less than 12. Given a lack of time to adequately address the
thermodynamic data in GEMBOCHS (version datal.com.R9), the Panel decided to accept on a provisional basis the
GEMBOCHS data for Np(OH)5 and Pu(OH)5 .

Neptunium(IV)

Equilibrium calculations.from the GEMBOCHS database, expressed in an Eh-pH diagram, indicate that NpO, is
the most sparingly soluble neptunium-bearing solid. Figure 8 illustrates the Eh-pH region over which NpO, is stable.
Suppression of NpO, in the construction of this diagram yields Figure 9, at an activity of 10~5. Note that at Eh
values less than about 0.2, Np(OH),4 replaces NpO, as the solubility-limiting phase. Therefore, NpO, and Np(OH),
were selected as the solubility limiting solids. The selection of NpO, and Np(OH), solids as solubility-limiting
phases is analogous to the selection of PuO, and Pu(OH), discussed in greater detail in the plutonium section.
Solubility limits are a function of the crystalline/amorphous nature of the solid phase, and aging has an effect.
Strickert et al. (1984) discuss the effect of aging on the solubility of neptunium.

The neptunium concentration resulting from the equilibrium between the sparingly soluble NpO, and the
aqueous Np(OH); in WIPP Brine A was selected to represent the 0.1 fractile, with a calculated value of

3.0 X 10715 M. The neptunium concentration resulting from the equilibrium between Np(OH), and Np(OH)s was
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Figure 8. Calculated Eh-pH diagram for neptunium in WIPP Brine A (assuming that the activity of the dominant
neptunium-bearing aqueous species equals 1 X 1078).
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Figure 9. Calculated Eh-pH diagram for neptunium in WIPP Brine A (assuming that the activity of the dominant
neptunium bearing aqueous species equals 1 X 10-6) with the solid NpO, suppressed.
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selected to represent the 0.9 fractile, with a calculated value of 2.0 x 10~ M, representing a highly soluble
neptunium-bearing solid.

Neptunium(V)

Nitsche (1991) found that NaNpO,COj3 - 2.5H,0 exists and controls the solubility of neptunium in J-13 water,
rather than NpO,, which was selected as the sparingly soluble solid for Np(IV). NpO,QH(amorphous) was selected
as an upper limit to neptunium solubility under oxidizing conditions because it is a less stable, hydroxide-bearing
phase. Therefore, the concentration of neptunium resulting from the equilibrium between NaNpO,COj3 - 2.5H,0
and NpO,CO3 was selected to represent the 0.1 fractile, with a calculated value of 3.0 x 10~10 M. The
concentration of neptunium resulting from the equilibrium between NpO,OH(amorphous) and NpO,CO3 was
selected to represent the 0.9 fractile, with a value of 1.2 X 103 M.

Other Fractiles

A solubility product for neptunium is listed in Table 8 and was derived (along with the solubility product for
plutonium and americium) from solubility data of Nitsche (1991). The solubility products at given ionic strengths
were estimated by assuming that the solids Np(OH)4, Pu(OH),4, and AmOHCO; existed in equilibrium with the
reported concentrations of neptunium, plutonium, and americium at pH values of 6, 7, and 8.5. The concentration of
total carbonate was that of J-13 water (see, for example, Ogard and Kerrisk, 1984). The solubility products were then
extrapolated to infinite dilution using the Pitzer equations. The resulting thermodynamic solubility constants are
shown in Table 8. These thermodynamic solubility constants were then used in combination with the ion pairing
model to estimate neptunium, plutonium, and americium concentrations for the 0.5 fractile in high ionic strength
Brine A. The concentration calculated for neptunium was 6.0 X 10~ M and was the value used for Np(IV). The 0.1
and 0.9 fractiles for Np(V) are greater than those for Np(IV), suggesting a higher solubility. Thus, the 0.5 fractile
value for Np(V) was assessed as two orders of magnitude greater than the value for Np(IV), at a value of 6.0 x 10~7
M.

The 0.0, 0.25, 0.75, and 1.0 fractiles were estimated by providing for the impact of the variability of carbonate
and chloride concentrations, and of other conditions.

Table 8. Estimated Solid Phases and Thermodynamic Solubility Products

Element Solid Phase pKsp (in pure water)
Americium Am(OH)CO; 24.39
Curium Cm(OCH)CO3 24.39 (equated to Am)
Lead PbCO;3 132
PbCl, 477
Neptunium Np(OH), 32.32
Plutonium Pu(OH) 4 51.73
Thorium Th(OH) 4 523
Uranium U0,CO;5 8.74
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Plutonium

The speciation diagram for aqueous (i.e., dissolved) species of plutonium in WIPP Brine A is shown in
Figure 10. Pu(OH); and PuO3 are the dominant species in solution at a pH of 7 and Eh values greater than about

0.0 V, for Pu(IV) and Pu(V), respectively.
Plutonium(III) =

Plutonium(IIT) may be formed under certain conditions (reducing potential and low pH) within the repository.
However, slightly oxidizing potential conditions at near neutral pH in the upper aquifer could oxidize Pu(@I) (i.e., to
higher oxidation states). In addition, alpha-radiolysis of brine solutions may create oxidizing conditions sufficient to
oxidize Pu(iII). When oxidized, Pu(IlT) forms Pu(IV), which subsequently and rapidly forms a colloidal species
(hydrolyzed plutonium dioxide). Thus, there is a thermodynamic driving force making Pu(IIl) unstable under these
slightly oxidizing potentials and near neutral pHs. As indicated earlier, colloid behavior could not be addressed by
the Panel with the limited thermodynamic data available at the time of the meetings. Because the Panel was charged
with developing probability distributions for solubilities associated with fluid potentially moving up a borehole, (i.e.,
human intrusion) and into the upper aquifer, conditions in an upper aquifer were assumed.

In retrospect, the Panel has undertaken a series of calculations to assess the impact of selecting Pu(II) as an
aqueous species for calculating concentrations. Plutonium(IIl) is the dominant aqueous species under reducing
conditions and low pH. At higher pH values, i.e., pH greater that 7.6 (see Figure 11), its stability range is quite
narrow. If Pu(Ill) was the dominant solution species in equilibrium with PuO, and Pu(OH)y, the calculated
concentrations for the 0.1 and 0.9 fractiles would be 3.5 x 1015 M and 4.8 X 10~7 M, respectively, which are
consistent with the values calculated for Pu(IV) and Pu(V). These calculations were made assuming an oxygen
fugacity of 1 x 1078 bars, corresponding to an Eh of about —0.4 V and a pH of 7.6.

Plutonium(1V)

In natural systems, freshly precipitated solids tend to be amorphous and hydrous, and age into more crystalline
forms. Experimental evidence has shown that an amorphous hydrous phase approximated in composition by
Pu(OH), is the first solid species to precipitate out of a supersaturated plutonium solution. Over time, Pu(OH),
would tend to convert to Pudz. The solubility and aging of plutonium oxides is discussed in Rai and Ryan (1982).
Pu(OH), is unstable in comparison with PuO,, and equilibrium with Pu(OH); would result in a solution with
relatively higher plutonium concentrations. Equilibrium with PuO, results in substantially lower Pu concentrations in
solution. PuO, and Pu(OH), were thus selected as the solid species resulting in the 0.1 and 0.9 fractiles, respectively.

Equations representing equilibrium between the aqueous species (Pu(OH)s5 ) and each of the selected solid

species were developed in order to solve for the activity of plutonium in solution for each of the two cases. These
equations are found in Appendix F. The calculated concentration of plutonium when aqueous plutonium as
Pu(OH)3 is in equilibrium with PuO, was assessed as the 0.1 fractile with a calculated value of 2.0 x 10715 M for

the distribution. The calculated concentration of plutonium when aqueous plutonium as Pu(OH)s is in
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Figure 10. Calculated aqueous speciation diagram for plutonium in WIPP Brine A.
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Figure 11. Calculated Eh-pH diagram for plutonium in WIPP Brine A (assuming that the activity of the dominant
plutonium-bearing aqueous species equals 1 x 10-8). .
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equilibrium with Pu(OH), was assessed as the 0.9 fractile with a calculated value of 4.0 X 10~7 M for the probability
distribution for Pu(IV).

Note that the consequences of the formation of colloidal Pu(IV) have not been addressed in this report. No
accounting for the formation of these species is included in the GEMBOCHS database, and there is no future
expectation that they could be accounted for because of the inability to treat them mathematically.

Plutonium(V)

As with Pu(IV), PuO, and Pu(OH), were the solids of interest. A series of activity diagrams were constructed to
help to identify the solubility-limiting solid phases. As previously mentioned, PuO, was the most stable solubility-
limiting phase (Figure 11). Pu(OH), was the next most stable phase, as evidenced when PuO, was suppressed
(Figure 12). The Pu(VI) species, PuO,(OH),, was calculated to occur at extremely high oxidation potential, but such
conditions are not expected to be reached. No Pu(V) solids were calculated to be stable at plutonium activities as
high as 1 x 1079, so equilibrium calculations were made with Pu(IV) solids. A pH of 7.6 and an oxygen fugacity of 1
x 10711 bars were assumed in order to calculate the plutonium concentrations. The plutonium concentration
calculated for the equilibrium between the PuO¥ aqueous species and the PuO, solid species was assessed as the
0.10 fractile, with a calculated value of 2.5 x 10716 M. The plutonium concentration calculated for the equilibrium
between the PuO3 aqueous species and the Pu(OH), solid species was assessed as the 0.90 fractile, with a
calculated value of 5.5 x 105 M. The most probable solubility limiting solid in equilibrium with aquo Pu(V),
analogous to the Np(V) case, is sodium Pu(V) carbonate (NaPuO,COj3 - xH,0). However, at the time the Panel was
convened, this solid was not included in the GEMBOCHS database, and the above solids were chosen.

1.0

— Pu(OH) ,(aq)

Eh, Volts

Pu(OHJ;

pH
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Figure 12. Calculated Eh-pH diagram for plutonium in WIPP Brine A (assuming that the activity of the dominant
plutonium-bearing aqueous species equals 1 x 10-8) with the solid PuO, suppressed.
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Other Fractiles

The development of the 0.5 fractile for plutonium was the same process as that repo;ted for neptunium. The 0.1
and 0.9 fractiles for Pu(IV) and Pu(V) are closer to each other than was the case for the oxidation states of
neptunium, so the calculated plutonium 0.5 fractile (6.0 X 10~10 M) was used for both oxidation states.

As was the -case with neptunium, the development of the 0.0, 0.25, 0.75, and EQ fractiles was based on a
consideration of the impact of the variability of carbonate and chloride concentrations, and of other conditions.

Americium

Figure 13 shows the aqueous speciation of Am in WIPP Brine A. AmCI¥ is the dominant aqueous species in
solution at pH values less than about 7.5 and over a wide range of Eh conditions. AmCl3 was thus chosen as the
solution species in terms of which the dissolution reaction for the solubility-limiting solid phases was expressed.

There are three Am-bearing solid phases in the GEMBOCHS datal.com.R9 database—AmOHCO3;, Am(OH)3,
and Am(OH)s(amorphous). Dissolution reactions of these phases written in terms of AmCl3 (Appendix F) show

that equilibrium with AmOHCO; yielded the smallest Am activities in solution, whereas Am(OH)3(amorphous)
yielded the highest. Am(OH); yielded an intermediate value, and was thus not used. The concentration of Am in
equilibrium with the sparinély soluble AmMOHCO3 in WIPP Brine A was therefore selected to represent the 0.1
fractile, with a calculated value of 5.0 X 10-11 M. Equilibrium with Am(OH);(amorphous) was selected as the 0.9
fractile, with a calculated value of 1.4 X 103 M, representing a highly soluble Am-bearing solid.
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Figure 13. Calculated aqueous speciation diagram for americium in WIPP Brine A.
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Examination of the aqueous speciation diagram in Figure 13 reveals that, under high pH conditions at WIPP, the
dominant aqueous species of Am might be AmCO} or Am(CO3)3 instead of AmCI3 . Selection of either AmCI3
or AmCO§ as the solution species was made arbitrarily, since the transition line on the speciation diagram is quite
close to the brine Eh-pH range assumed.

Other Fractiles

The development of the 0.5 fractile for américium was the same process as that reported for neptunium. The
process resulted in a 0.5 fractile value of 1.0 x 1079 M.

As was the case with neptunium, the development of the 0.0, 0.25, 0.75, and 1.0 fractiles was based on a
consideration of the impact of the variability of carbonate and chloride concentrations, and of other conditions.

Curium

‘The "oxidation state analogy" is often invoked for predicting the chemical behavior of elements in an extended
series (e.g., the 5 f actinide elements) for which no data exist. This method is based on the assumption that
neighboring elements in the same oxidation states have similar chemical behavior by virtue of their similar charge-to-
density ratios (electrostatic interactions). This method is more or less accurate depending on which region of the
actinides is being evaluated. At the lighter end of the actinide series, for example, there is great variety in the
oxidation states, their relative redox stabilities, and their hydrolysis behavior. Consequently, for example, predicting
the solubility of PuO,, based on that of ThO, is not particularly valid, especially when it is noted that Pu(IV) forms
colloids and Th(IV) does not. Better estimates are expected on the heavier end of the actinide series, because the
overall effect of the actinide contraction serves to moderate oxidation state variability, with enhanced stability of the
trivalent state. Thus, estimation of Cm(III) solubilities, based on solubility data for Am(IIT) solubilities, is expected
to be quite accurate. In general, the method is reasonably applicable, but should be used realizing its limitations and
in conjunction with other information.

Development of Lead and Radium Probability Distributions

Equilibrium between the solubility limiting compound and- the-dissolved-species- controls-the concentration of
radionuclides in solution. The solubility limiting compound is a combination of the radionuclide species (cations)
and the ligands (anions) present in solution. The nature of the various ligands in solution are critical factors in
determining solubilities. In chloride brines, for example, in the absence of carbonate, highly soluble PbCl, controls
the solubility of Pb(Il) in solution. When carbonate is introduced into this chloride brine, less soluble PbCO3
becomes the solubility limiting compound. Although high values of lead solubility result from chloride brines
containing no other anions, it is unlikely that this situation would exist because-of the prevalence of carbonate,
sulfate, etc. in solution or present as rock forming minerals in the environment.

The case for radium solubility in brines is similar to that for lead. Although quite high concentrations of radium
in solution were deemed theoretically possible when chloride was the only anion present in the brine, this situation is
unlikely because of the prevalence of carbonate, sulfate, etc. in solution or as rock forming compounds in the
environment. Because limited quantities of radium are expected to be present in and to dissolve from the waste, the
solubility controlling solids for radium would most likely be mixed radium-calcium salts containing sulfate or
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carbonate ions. Even if chloride were the dominant solution ligand, insufficient quantities of radium exist in the
waste inventory to form very high concentrations.

The concentrations of ligands in solution are also important factors in determining solubility. For example, in
dilute chloride solutions, aquo Pb2* is expected to be the dominant solution species. With increasing chloride
concentration, lead chloro complexes form (e.g., PbCL%‘ ), and these become the dominant solution species in
equilibrium with the solubility limiting compound. The solubility of radionuclides generally increases with
increasing ligand concentration. This also holds true for the actinides, where the solubility of Am(III), for example,
increases with higher concentrations of carbonate ions in solution.

Lead

The following discussion for lead illustrates the procedure that was used to develop the 0.5 fractile, unless
otherwise noted.

-Lead(Il) is the only stable oxidation state expected in brines, and the dominant aqueous species is PbCl%‘ . The
solubility limiting solids expected for lead in brines are those containing chloride, sulfate, and carbonate ions.
Dissolution of these solids is described in the following reactions:

PbCO;(s) Pb**+CO03~ ™
PbSO,(s) Pb%* +S0Z~ ®
PbCly(s) Pb2*+2CI™ ©

The generalized stoichiometric solubility product for the above reactions is given by

Ksp

_—, (10)
Yr(Pb)YT(X)"

Ksp* = [Pb2*1[XI" =

where the subscript T refers to the total concentration, Ksp is the thermodynamic solubility product, and v is the
activity coefficient. The desired lead concentration can be determined from
Ksp* _ Ksp

X" {Yr(PLYYT(XX]"}

[Pbly = an

where "*" refers to stoichiometric Ksp (that is, based on molalities rather than activities).

The values of ¥7(X) can be obtained by using Pitzer's equations for the brine (Table 5). The stoichiometric or
total activity coefficient of lead can be determined by using the ion pairing model (subsequently documented in
Millero and Hawke, 1992). When these calculations are made for various ionic media, one finds that for lead in
Yucca Mountain J-13 well water and in seawater, the carbonate ion controls the solubility, while in the WIPP brines
the chloride ion controls the solubility. This is due to the relatively high concentration of Mg?* in these waters and
the formation of strong magnesium-carbonate complexes which scavenge excess carbonate ions. The formation of
chloride complexes controls the fraction of free lead in the brines.
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‘When using the ion pairing model to estimate the activity (apy) or total activity coefficient (yr), one assumes that
they are related by

app = [Pb}t v7(Pb) = [Pblgy=(Pb), (12)

where the subscript F refers to the free or uncomplexed ion. An estimate of the values of the activity coefﬁci'ent for
free ions can be calculated at a given ionic strength using the values tabulated in Table 5, which include the
interactions with CI~ and SO%' or the values given in Table 9 that include the interaction of the metals with CI™. It
is also possible to use estimates of ¥ from ClOjy salts and account for the interactions with Cl~ and SO?{' using the
ion pairing model. The desired total activity coefficient for lead in the brine can be determined from

_| (Pblg
y7(Pb) = (—[th }YF(Pb) . (13)

The fraction of free lead in the solution can be calculated from the summation of a lead containing species
expressed in terms of individual complexation constants:

[PblE / [Pbly =1/ {1 +Bpocy[Cl1+ Bpocy, [CIF +
Bebci, [CI1° +Bposo, [SO41+ Brocso,), [SO4T +
Betrco, [HCO31+Bpoco, [CO31+Bruco,), [COs 1 +
Broor / [H]+ Bpycom, / (HI) (14)

where B; are the stability constants for the formation of the ion pair at the ionic strength of the brine. Some of the
terms in this equation can be neglected if the free ion activity coefficients include the interaction with CI~ or SO%" .
Although values are known for the stability constants in water, the values at higher ionic strength are not readily
available. Recently the limited data available have been used to estimate the ionic strength dependence of the
stability constants for the formation of divalent and trivalent ion pairs (subsequently documented in Millero and
Hawke, 1992, and in Millero, 1992). These results have been used to estimate the stability constants in the brines
(given in Tables 10 and 11). With these constants, it is easy to estimate the fraction of free metal in a given solution,
and changes in this fraction can be related to changes in the solubility of a given metal.

As mentioned previously, the lead chloro complex, PbClﬁ" , was selected as the dominant aqueous species and
the solubility limiting cases selected were PbCl, (very soluble) for the case of a pure chloride brine and PbCO;3
(much less soluble) for the case of carbonate introduced into a chloride brine. The 0.5 fractiles for lead were
established using the solubility products for PbCO3 (pKs;, of 13.2) and PbCl, (pK, of 4.77) in carbonate-present
and carbonate-free systems, respectively. These experimental Kp measurements were extrapolated to zero ionic
strength (infinite dilution) using Pitzer's equations. The thermodynamic values of the equilibrium constant were
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Table 9. Calculated Free Activity Coefficients of the Trace Ionic Metals in WIPP Brines A and B*

* All the values are adjusted by assuming Y =Yy
T See, for example, Millero and Hawke (1992, Table 3) for the Pitzer parameters for calculating activity coefficients.
** See, for example, Millero and Hawke (1992, Table 4) for the Pitzer parameters for calculating activity coefficients.

- NaCl Mediat NaClO, Media**
Ion Brine A Brine B Brine A Brine B
H* 33.066 10.359 234.22 32.31
Nat ] 2.019 1.319 2.019 1.319
K+ 0.633 0.593
Mg2+ 6.149 1.796 923.62 61.33
Ca?+ 2.293 0.908 169.66 19.39
Sr2+ 1.294 0.610 64.87 9.98
Ba2+ 0.323 0.253 8.25 2.624
Mn?2+ 1.063 0.616 1440.9 85.93
* Fet 2.147 0.919 1249.2 73.14
Co?* 2.581 1.104 1249.2 73.14
Niz+ 3.489 1.264 1195.1 68.96
Cu2+ 0.261 0.256 722.6 50.79
Zn2* 0.014 0.050 963.1 57.97
Cd2+ 210.5 18.78
Pb2+ 15.25 3.443 14.54 3.263
U0+ 3.455 1.722 15.392 438.62
A3+ 1.089 0.266
Sc3+ 0.395 0.137
Y3+ 0.224 0.088
La3+ 0.124 0.060 70.39 4.977
Ce3+ 0.130 0.062 66.21 4703
Pr3+ 0.118 0.056 62.26 4.444
Nd3+ 0.130 0.060 63.26 4.473
Sm3+ 0.161 0.072 69.64 4.840
Eu3+ 0.179 0.077 79.02 5.307
Cr3+ : 0.486 0.166
Ga3+ 9.606 1.495
F- 0.106 0.164 . SAME AS IN NaCl
cr- 0.634 0.593
OH- 1.311 0.915
NO3 0.061 0.111
HCO; ) 0.107 0.157
B(OH)Z 0.116 0.108
Co%™ 0.0145 0.0043
S03~ 0.0008 0.0026

37




Table 10. Stability Constants, K, for the Formation of Divalent Metal Ion Pairs*

- log K
Ton Pair Jonic Strength Ionic Strength Ionic Strength Ionic Strength
of 0.7 of 5.0 of 6.0 of 7.0
MnSO; 0.85 0.87 1.08 ~© 1.34
MnHCO;4 0.55 -0.004 -0.01 0.014
MnCO; 2.84 3.28 3.58 3.92
MnCl -0.29 0.39 0.67 0.99
MnOH 3.17 541 6.07 6.78
Mn(OH), 5.07 7.10 7.79 8.53
FeSO,4 0.75 0.75 0.96 1.22
FeHCO;4 0.69 0.11 0.11 0.14
FeCOs3 4.11 4.29 4.55 4.84
Fe(CO3), 5.70 374 347 3.23
FeCl —0.46 0.20 0.49 0.81
FeOH 4.22 6.43 7.09 7.81
Fe(OH), - 6.63 8.63 9.32 10.07
CoS0O4 1.61 1.61 1.82 2.08
CoHCO; 0.63 0.06 0.05 0.08
CoCOj5 3.16 3.34 359 3.89
CoCl -041 0.25 0.53 0.85
CoOH 4.07 6.28 6.95 7.66
Co(OH), 8.42 10.43 11.12 11.86
NiSO, 0.83 0.81 1.02 1.29
Ni(SO4), 1.84 241 277 3.17
NiHCO;3 0.83 0.13 0.08 0.07
NiCO3 4.07 445 4.76 5.11
NiCl -0.49 0.15 0.44 0.76
NiOH 3.85 6.04 6.71 742
Ni(OH), 8.22 10.20 10.89 11.64
CuSOy4 0.88 0.75 0.93 1.15
CuHCO;4 1.02 ~0.31 0.27 0.26
CuCOg3 540 . 5.70 5.97 , 6.28
Cu(CO3), 8.73 5.45 4.85 4.29
CuCl -0.22 031 0.56 0.84
CuOH 5.70 7.78 841 0.08
Cu(OH), ~ 10.9 12.83 13.48 14.18

* Stability constants developed from the infinite dilution values subsequently published in Millero and Hawke (1992, Table 10),
converted for the higher ionic strength solutions indicated.
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Table 10. Stability Constants, K, for the Formation of Divalent Metal Ion Pairs (Continued)

logK
Ion Pair Jonic Strength Ionic Strength Ionic Strength Ionic Strength

of 0.7 of 5.0 of 6.0 of 7.0
ZnSO, 0.81 0.81 1.02 1.27
Zn(SO4), 2.18 277 3.11 3.51
ZnHCOg4 0.87 0.29 0.28 0.30
ZnCO; 3.31 37 4.02 436
Zn(CO3), 6.13 6.88 7.23 7.61
ZnCl -0.34 031 0.59 091
ZnOH 4.66 6.87 753 8.24
Zn(OH), 10.2 ' 12.22 1291 13.65
CdSOy4 091 041 053 0.70
€dHCO; 035 -0.22 -0.23 -0.26
CdCO, 2.96 2.88 3.09 334
CdcCl 0.97 1.13 131 1.54
CdCl, 1.02 222 270 322
CdCl, 1.07 4.62 5.63 6.69
CdOH 3.55 5.27 5.84 6.45
Cd(OH), 6.79 8.30 8.89 9.54
PbSO, 1.08 -0.02 -0.10 -0.16
Pb(S04), 2.94 243 249 257
PbHCO;4 1.06 -0.62 -0.92 -1.20
PbCO;5 548 4.79 4.80 4.84
Pb(CO3), 9.05 8.71 8.76 8.84
PbCl 0.75 0.31 0.30 0.30
PbCl, 1.04 1.63 191 221
PbCl, 1.29 423 5.05 5.89
PbOH 5.79 6.90 7.27 7.67
Pb(OH), ' 9.89 10.79 11.18 11.61
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Table 11. Stability Constants, K, for the Formation of Lanthanide Metal Jon Pairs*

- log B -
Ion Pair Ionic Strength Ionic Strength Ionic Strength Ionic Strength
of 0.7 of 5.0 of 6.0 . of 7.0
LaCl 0.31 -0.79 -1.10 _ -1.40
LaF ) 2.70 1.37 1.00 0.64
LaOH 435 3.31 3.03 2.75
LaNO; 0.14 -1.26 -1.64 -2.02
LaH,PO, 2.30 1.10 0.74 0.38
LaHCO, 1.56 0.23 -0.13 ~0.49
LaSOy 1.58 0.78 0.69 0.62
LaCO4 5.29 4.65 4.60 457
La(C03), 9.17 10.10 10.52 10.98
LaHPO, 327 2.46 2.40 2.39
La(HPOy), 591 6.49 6.90 7.39
CeCl 0.32 -0.81 -1.12 ~142
CeF 2.85 1.49 1.12 0.76
CeOH 522 4.15 3.87 3.59
CeNO; 0.24 -1.19 -1.57 -1.94
CeH,PO, 1.91 0.33 -0.06 -0.44
CeHCO; 1.48 0.12 -0.24 -0.60
CeSO, 1.65 0.82 0.73 0.66
CeCO; 541 4.74 4.69 4.66
Ce(CO3), 9.35 10.25 10.67 11.13
CeHPO, 3.37 2.53 247 2.46
Ce(HPOy), 6.07 6.62 7.03 7.52
SmCl 0.32 -0.78 -1.09 -1.38
SmF 3.15 1.82 1.47 1.1
SmOH 5.43 4.40 4.12 3.85
SmNO; 0.34 -1.06 —1.44 -1.81
SmH,PO, 1.72 0.16 -0.22 -0.60
SmHCO; 1.29 -0.05 -0.40 -0.75
SmSO, . 1.65 0.84 0.76 0.70
SmCO; 5.76 5.13 5.08 5.06
Sm(CO3), 9.97 10.90 11.32 11.79
SmHPO, 3.75 2.93 2.89 2.88
Sm(HPO,), 6.70 727 , 7.69 8.19
ErCl 0.31 -0.65 -0.92 -1.19
ErF - 3.57 2.39 2.06 1.74
ErOH 5.79 4.90 4.65 442
ErNO, -0.27 -1.53 -1.87 -2.21
ErH,PO, 1.75 0.34 -0.02 -0.36
ErHCO; 1.32 0.13 -0.20 -0.51
ErSO, 1.53 0.87 0.82 0.80

* Stability constants developed from the infinite dilution values subsequently published in Millero (1992, Table 5), converted for the
higher ionic strength solutions indicated.
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Table 11. Stability Constants, X, for the Formation of Lanthanide Metal Ion Pairs (Continued)

- log B
Ion Pair Ionic Strength Ionic Strength Tonic Strength Tonic Strength
of 0.7 of 5.0 of 6.0 - of 7.0
ErCO; 6.11 5.62 5.60 5.62
Er(CO3), - 10.76 11.83 A 1229 - 12.79
ErHPO, 4.10 3.43 341 343
Er(HPO,), 7.49 8.21 8.66 9.19

then used in combination with the ion pairing model to estimate lead concentrations in high ionic strength Brine A.
A concentration of 8.0 x 10~3 M was calculated for the carbonate present case, while a concentration of 1.64 M was
calculated for the carbonate absent case. The 0.0, 0.1, 0.25, 0.75, 0.9, and 1.0 fractiles were estimated by providing
for the likelihood that carbonate concentrations will be variable in the carbonate-present system, and that chloride
concentration may vary in the carbonate-absent system. Although high values of lead solubility are theoretically
possible in a pure chloride brine, a pure chloride brine would not be expected because exposure to air or the
repository formation would cause carbonate to form. Thus, lead in the concentrations shown in Table 3 for the
carbonate-free system are not expected to exist at the WIPP, nor is there a great probability that chloride
concentration will vary by the three orders of magnitude spanned by the 0.0 and 1.0 fractiles.

Radium

Langmuir and Riese (1985) suggested that concentrations of radium in natural waters and in waters associated
with uranium mining and nuclear waste disposal are probably never high enough to reach saturation with pure
radium solids such as RaSO,4 or RaCO3. Maximum radium concentrations are limited instead by adsorption and/or
solid solution formation. Riese (1982) found that adsorption of radium is inhibited by low pH and by high
concentrations of calcium because of competition by H* and Ca?* with Ra?* for adsorption sites. These
observations are consistent with the conclusion made by Hubbard et al. (1984) and Hubbard and Laul (1984) that
radium is not adsorbed from present-day groundwater. Therefore, the solubility of radium in brines is most likely
controlled by the formation of solid solutions in minerals such as anhydrite (calcium sulfate), barite (barium sulfate),
anglesite (lead sulfate), celestite (strontium sulfate), calcite (calcium carbonate), witherite (barium carbonate), and
cerussite (lead carbonate). Consequently, the activity coefficients of Ra2*, Ca?t, etc. in calcite- and/or anhydrite-
saturated brines have to be estimated in order to evaluate the solubility of radium in brines.

There are many possibilities for brines to change their compositions after they enter the repository room. One
scenario is that the brines may lose water through (2) evaporation, (b) radiolysis, and (c) reaction with Fe from waste
containers, or some backfill materials, such as bentonite and CuSQO,4. The computer program named PHRQPITZ
developed by Plummer et al. (1988) was used to calculate the compositions and activity coefficients for brines
derived from evaporation of WIPP-A. The amount of NaCl required to be added to WIPP-A to reach halite
saturation have been determined experimentally (Chou et al., 1982); at 25°C, the total molality (m) of Na* for halite-
saturated WIPP-A is 2.876, while PHRQPITZ predicts 2.966. PHRQPITZ results (printouts located in the SNL
WIPP Records Center) are given for the case in which minerals, except dolomite and magnesite, were allowed to
precipitate when saturation was reached, and for the case in which minerals other than halite were not allowed to
precipitate when saturation was reached. These results (summarized in Table 12) indicate that at a given ionic
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strength, I, the changes in activity coefficients from Ca?* to Sr2* and Ba?* are quite systematic, which can be
explained by the corresponding systematic changes in their ionic radii (see Table 13). Based on these systematic
correlations, the activity coefficient of Ra2* can be approximated by that of Ba?* in the same solution.

Solubilities of radium in brines derived from evaporation of WIPP-A brine are -estimated, assuming Ra?*,
RaOH*, RaClt, RaCOg , and RaSOB, are the dominant species in solution. The possible complexation of radium by
Br,F, PO}' , and organic ligands is not considered in this study because they are most likely not important. The

brine derived from the removal of 20% volume of halite-saturated WIPP-A brine as pure water is called WIPP-A-20
in this report. This brine is saturated with respect to halite, calcite, and anhydrite, and is supersaturated with respect
to dolomite and magnesite (Table 12). Using the activity coefficient of Ba2* for that of Ra?*, and the activity
coefficient information developed in Table 12 for SO%’, CO%", and CI~ for WIPP-A-20, together with the K, and

3 data given in Table 14, solubilities of RaSOy, RaCO3, and RaCl,2H,0 in WIPP-A-20 were calculated. The
assoc) 4 3 2411
results are given below:

(1) for the solid phase RaSOy4:
molality of Ra?*, mg,2+ = 1.6 X 10~7

molality of RaSOJ, 0.31x10°7

Mpasod =
Total Ra in solution = 1.9 % 10~7 molal

(2) for the solid phase RaCOs;:
molality of Ra?*, mg,2+=0.162

molality of RaCOY, Mp,c0g = 1-59 X 106

Total Ra in solution = 0.162 molal

(3) for the solid phase RaCl,-2H,0:
Log Ky, = —0.7647 (from the EQ3/6 database)

molality of Ra?* = 4.715 molal
molality of RaCl* = 12.43 molal
Total Ra in solution = 17.15 molal
The above three values calculated for total radium in the solution were assigned as the 0.9 fractiles for the three
respective cases. In these calculations, the activity coefficients for RaSO,, RaCOj, and RaCl* were arbitrarily
assumed to be unity. It is clear that radium sulfate is the least soluble, followed by the carbonate and the chloride

solids. However, as mentioned earlier, the solubility of radium in brines is most likely controlled by the formation of
solid solutions,-such as radium incorporation in sulfate and carbonate minerals.

3 Kp and K(assoc) are equivalent to the thermodynamic equilibrium constants discussed earlier. -
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Table 13. Thermodynamic Data**

Tonic* Log Ksp - Dt
Cation Radius
M (in A) MSO, MCO, M@NOs),  MSO, MCO, M®@O-),
—8.34 (aragonite)’ - (0.96) (aragonite)
Ca 1.12(arag.)t —4.36  —8.48 (calcite)*™* (800) = (0.82) (calcite)
Sr 1.26 -6.64 -9.27 - 280 0.66 . 10
Ba 1.42 -9.97 ~8.58 - 1.8 0.5 1.6
Ra 1.48 -10.26 -8.3 ~2.24 1.0 1.0 1.0
Pb 11 0.067

* In 8-fold coordination solids

T Distribution constant in Nernst-Berthelot or Henerson-Kraczek equation:

D= NRax 8Ra?t
NMX aM2+ ’

where M = Ca, Sr, Ba, Ra, or Pb; X = SO5, CO%" ,or 2(NO3 ), values in parentheses are estimates.
** Compiled from Langmuir and Riese (1985)

Tablel4. Formation Constants (log X (assoc) values) of Radium Complexes, Solubility Products (log Xsp values)
of Radium Solids, and Enthalpies of Reaction (AH® at 25°C) based on the thermodynamic data in Table
15 (compiled by Langmuir & Riese, 1985, Table 2).

log K (assoc) AH®
Reaction or log Ksp (kcal/mol)
1) Ra?t+ OH-=RaOH* 0.5 1.1
2) Ra?t+ClI-=RaClt -0.10 0.50
3) Ra?*+ CO¥F =RaCO} 25 17
4)  RaCOs(crystalline) = Ra2* + CO3~ -8.3 -2.8
5) Ra2+ 4+ SO,%_ =RaSO, 2795 1.3
6) RaSO,(crystalline) = Ra2* + SOZ~ -10.26 -9.4




Table 15. Thermochemical Data for Radium Solids and Aqueous Species, and for Auxiliary Aqueous Species at 25°
C and 1 Bar (compiled by Langmuir & Riese, 1985, Table 1)

Solid or AHP AGy? Se
Aqueous Species (kcal/mol) (kcal/mol) (cal/mol deg)
Ra(crystalline) 0 0 17
Ra?* - -126.1 -1342 = 13
RaOH* -179.98 -172.30 16
RaCl* -165.54 ~16544 28
RaCO3 ~286.87 —263.78 16
RaCOj(crystalline) —290.73 -271.69 28
RaSOj -342.18 -315.90 345
RaSOy(crystalline) -352.88 —326.15 33
oH- 54977 ~37.604 ' ~2.560
Cl- ~39.933 ~31.379 13.56
CO%‘ -161.84 -126.17 -13.6
SO?{ ~217.40 ~17795 450

Because WIPP-A-20 brine is saturated with respect to both calcite (CaCOj3) and anhydrite (CaSOy), the effect of
solid solution from these minerals on the solubility of radium in this brine can be evaluated from the Nernst-
Berthelot (or Henderson-Kraczke) equation (see Langmuir and Riese, 1985):

(aRa2+ JD=(NR3X) (15)
e NMX

where D is an empirically determined distribution coefficient, N is the mole fraction in the solid solution, M refers to
a cation, and X is SO%‘ or €CO3~. The D values obtained by Goldschmidt (1940) were measured at Ng,x values
between 105 and 10-11. Langmuir and Riese (1985) pointed out that it seems unlikely that Ng,x will exceed 10~
in natural water/rock systems. Therefore, Ny in equation (15), above, is approximately equal to 1. Using the D
values given in Table 13, and the concentration and activity coefficient data given in Table 12 for WIPP-A-20, the
concentrations of Ra2* in WIPP-A-20 can be calculated from equation (15). If Ra?* concentration in WIPP-A-20 is
controlled by the precipitation of anhydrite, log mg,2+ is less than —8.8, assuming Ngaso, is less than 1075, This is
two orders of magnitude less soluble than pure RaSO4 in the same brine, where log mg 2+ =

—6.8. Similarly, if Ra concentration in WIPP-A-20 is controlled by the precipitation of calcite, log mg,2+ is less
than —5.8, assuming Ngaco, is less than 1075. This is five orders of magnitude less soluble than pure RaCOj in the

same brine, where log mp,2+=-0.79.

Precipitation of Ba and Pb sulfates and carbonates will have a similar effect and their intensities will depend on
the brine composition. For example, Langmuir and Melchior (1985) reported that the concentrations of radium in
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anhydrite, celestite, barite, calcite, and dolomite would be 0.022, 0.81, 14, 3.8 x 105, and 1.9 x 1075 ppm,
respectively, assuming that these solid solutions are in equilibrium with a brine from Sawyer #1 well, Wolfcamp,
Zone 5, Palo Duro Basin, Texas. For this particular brine composition, barite is the most effective mineral for
removing radium from the coexisting brine. However, it should be emphasized that even though it seems likely,
control of radium concentrations by the solubility of trace radium in minerals cannot at this point be proven. Also,
because WIPP-A brine does not contain any Ba2t and Pb2*, and has only trace amounts of Sr2+ (5 mg/L), the
precipitation of radium from the brine as sulfate or carbonate solid solutions involving these cations is not possible.

Under reducing conditions, SO%' will be converted to either HS™ or H,S, and the solubility of radium in brines
will be most likely controlled by coprecipitation in calcite. However, if CaSOy is added as a backfill material, then
coprecipitation in anhydrite or gypsum may control radium solubility. Even though it has been speculated that
NRaso, in anhydrite and Ngaco, in calcite are not likely to exceed 1075, experimental verifications are required.

The solid solution model was used to estimate fractiles below 0.9. For the sulfate present case, the maximum
radium solubility calculated considering the coprecipitation of radium and calcium with the sulfate, 1.0 x 1079 M,
was assigned as the 0.25 fractile. The 0.1 and 0.0 fractiles were estimated based upon the possibility that Ng ¥ is less
than 1075. The 1.0 fractile was assigned to ensure that the concentration would not be exceeded.

The solid solution model was also used for the "carbonate present" case, where the maximum radium solubility
calculated considering the coprecipitation of radium and calcium with the carbonate, 1.6 x 10~ M, was assigned as
the 0.5 fractile. The 0.25, 0.1, and 0.0 fractiles were estimated based upon the possibility that Ngx is less than 1075,
The 1.0 fractile was again assigned to ensure that the concentration would not be exceeded.

For the “"carbonate and sulfate absent” case, the fractiles were assigned taking into account the impact of
variations in the concentration of chloride. As was the case with lead, the theoretical solubility of radium in a pure
chloride brine (i.e., sulfate and carbonate absent) is quite high. However, conditions at the WIPP are not expected to
allow for a pure chloride brine because of the potential for contact with air or the repository formation minerals. In
addition, the radium inventory is not sufficient to produce very high concentrations.
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CONCLUSIONS

The expert judgment process was used to develop probability distributions for radionuclide solubilities for use
in the 1991 (and subsequently 1992) preliminary performance assessment calculations. The Source Term Expert
Panel used thermodynamic data, existing solubility data, and professional expertise to create a process for
developing solubility probability distributions and to apply the process to the required elements.

The Panel did not provide probability distributions to describe the presence of radionuclide colloids. It is
entirely appropriate for an expert panel to participate in modifying the issue statement if information is requested that
cannot be provided under the current circumstances. There were not sufficient thermodynamic data available on
colloids to be evaluated within the expert judgment process to develop the requested information.

The Panel developed the information within the required time constraints, and did so while incorporating the
great uncertainty in room conditions (i.e., backfill not assumed to fix the conditions), and addressing the problem of
limited WIPP-specific data.

The efforts of the Panel resulted in the development of very wide probability distribution. These wide
distributions represent the impact of both great uncertainty in room conditions and the nature of probability
distributions—i.e., that the 0.0 and 1.0 fractiles represent the very outer limits beyond which concentrations will not
occur. The tails of the distributions (between the 0.0 and 0.10 fractiles, and between the 0.9 and 1.0 fractiles) are
associated with much smaller probabilities than the main body of the distribution. Thus, in using and evaluating the
probability distributions, the concentrations should never be unlinked from the probability of their occurrence.

If additional resources were applied to the effort, improvements in the process (e.g., selection of different solids)
might have been possible. In addition, the ongoing development of the GEMBOCHS database could also improve
the results,

Any subsequent use of these results in performance assessment calculations would need to be integrated with
any data collected subsequent to the Panel deliberations.
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APPENDIX A: DEBYE-HUCKEL EQUATION FOR IONIC STRENGTH

The Debye-Hiickel Equation for jonic strength, calculates activity coefficients, ¥, as:
~log y; = A 2241 : (A-1)

where z is the charge of the ion of interest. A is given by

2 ’ 2
1 e 8ne“N (A-2)

A=
2.303 2 DKT | 1000 DKT

where N is Avogadro's number, k is Boltzmann's constant, e is the charge of the electron, D is the dielectric constant
of the solvent, and T is the absolute temperature. I is the ionic strength of the solution, expressed as:

) 1=-21-Zzi2[ci] (A-3)

where brackets denote the analytical concentration of the i species.
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APPENDIX B: ADDITIONAL INFORMATION ON IONIC INTERACTION MODELS

Specific Ion-interaction Theory (as described by Grenthe et al., 1992)

"The Debye-Hiickel term, which is dominant in the expression for the activity coefficients
in dilute electrolyte solutions, accounts for electrostatic, non-specific long-range
interactions. At higher concentrations short-range, non-electrostatic interdctions have to
be taken into account. This is usually done by adding ionic strength dependent terms to
the Debye-Hiickel expression. This method was first outlined by Brgnsted (1922) and
elaborated by Scatchard (1936) and Guggenheim (1966). The two basic assumptions in
the specific ion-interaction theory are: (i) the activity coefficient y; of an ion j of charge z;
in a solution of ionic strength I, is

log ¥; =—z3D+ ¥ &(j. k. Iy )y (A1)
where D is the Debye-Hiickel term

i o

D=
1+ Baﬂ/ﬂ

A and B are constants which are temperature dependent, and g; is the effective diameter of
the hydrated ions. The term Ba; in the denominator of the Debye-Hiickel term has been
assigned the value 1.5, as proposed by Scatchard. The summation in egn. (Al) extends
over all ions k present in solution. Their molality is denoted m;. The concentrations of
the jons of the ionic medium are often much larger than those of the reacting species.
Hence, the ionic medium ions will make the main contribution to the value of log v; for
the reacting ions. This fact makes it possible to simplify the summation in eqn. (A1), so
that only ion-interaction coefficients between the reacting ion species and the ionic
medium ions are included." (Grenthe et al., 1992)

"The ion-interaction coefficients £(j, &, 1,,) are zero for ions of the same charge sign and
for uncharged species. The rationale behind this is that €, which describes short-range
interactions, must be small for ions that are kept apart by electrostatic repulsion.”
(Grenthe et al., 1992)

Research has been ongoing in developing means to estimate activity coefficients in high ionic strength media:

"The effect of composition on the activity of electrolytes can be estimated by using ionic
interaction models. These models can be divided into two major types: (1) specific
interaction and (2) ion pairing models. The specific interaction model yields reliable
estimates of activity coefficients for the major ionic components of natural waters over a
wide range of temperatures and ionic strengths. The ion pairing model yields estimates for
the major and many minor components in dilute solutions. The combination of the two



models yields a consistent model that can be used for all components of natural waters."
(Millero, 1990)

"The most popular method used to account for the ionic interactions in natural waters is
the ion pairing model. Since the suggested use of this model by Goldberg and Arrhenius
(1958), it has been used by a number of workers to determine the speciation of ions in
natiral water. ... The use of the model to estimate activity coefficients was pioneered by
Garrels and Thompson (1962) and extended by Dickson and Whitfield (1981) and
Millero and Schreiber (1982). These latter studies allow one to estimate reliable activity
coefficients for a number of major and minor ions to 1 m. ... The ion pairing model can at
present be used to estimate the activity coefficients of the major and minor
components...of natural waters at 25°C and below 1m. ... Extensions to higher ionic
strength and other temperatures is complicated by the requirement for experimental data
for the large number of ion pairs--50 in the case of seawater. The Pitzer model for the
same components requires stability constants for only six ion pairs. Stability constants at
temperatures other than 25°C are not readily available. Reliable extensions to higher ionic
strength are difficult due to our lack of knowledge of the activity coefficients of the ion
pairs of various charge type." (Millero and Hawke, 1992)

"The specific interaction model as formulated by Pitzer has made a large impact on our
ability to estimate the activity of ionic and non-ionic solutes in natural waters. ... Weare
and co-workers and others have extended the model. The present model can be used to
make reliable estimates of the activity coefficients of the major components of natural
waters over a wide range of temperatures to high ionic strengths.” (Millero and Hawke,
1992)

"As first suggested by Whitfield (1975a, b) the combination of the two models can
strengthen our ability to make reliable estimates of activity coefficients and to determine
the speciation of metals in natural waters over a wide range of conditions. In recent years
we have attempted to continue the joining of these two models. From this work it is clear
that the Pitzer and ion pairing approaches are complementary for some of the strong
cation-anion interactions. For example, the Pitzer model allows the prediction of mineral
solubilities and geochemical precipitation sequences, while the ion pairing model allows
the prediction of chemically reactive species in solution. Both approaches are
mathematical methods that can be used to estimate activity coefficients." (Millero and
H::lwke, 1992)




B-4



APPENDIX C: CORRECTING pH,,, VALUES TO DETERMINE (H"),, AND (H"),,,,




APPENDIX C: CORRECTING pH,,; VALUES TO DETERMINE (H*),., AND (H'),.,.,

Free

The apparent activity obtained using NBS (National Institute of Standards and Technology [NIST]) buffers is
related to the total proton concentration by

ag=f [Hr, €1

where the factor f includes the activity coefficient of the proton in the brine and a term related to the liquid junction
potential, and the subscript T refers to total concentration. The factor f can be determined experimentally by titrating
an artificial brine with HCl. The electrode emf can be fitted to the Nernst equation

e

E=E = )m[Hﬂ, (C-2)

where E* is the standard potential in the brine at a fixed ionic strength. This equation can be used to determine the
[H*] before the addition of HCl. If the electrode has also been calibrated using an NBS (NIST) buffer, the emf
obtained before the addition of the HCI can be used to determine the apparent activity and the resultant f factor for
the electrode system. Unfortunately, the value of f can vary from electrode to electrode and must be determined for
the system of interest.

The total proton concentration in a brine can also be determined by using a buffer such as TRIS to calibrate the
electrode system (Millero, 1979, 1986, 1992; Millero and Schreiber, 1982; Millero and Thurmond, 1983; Millero
and Byrne, 1984; Millero and Hawke, 1992; Millero et al., 1984, 1987). Because the Pitzer parameters are available
in all the major brine salts, it is possible to determine the pK* of TRIS in any brine. A TRIS buffer made up in this
brine can be used to determine the pH of an unknown brine. The pH is determined using the equation

pH®BRINE) = pK * (TRIS) + Epring k* Etris | (C-3)
where k = (RT/F)logl0 = 55.16 mV at 25°C. Because the pK* values of TRIS in various brines are quite similar,
this method can be used for brines of similar composition without serious errors. To obtain an estimate of the f
factor in the WIPP brines, one of the Panel (FIM) experimentally determined the value in 5 and 6 M NaCl buffered
with TRIS (Millero et al., 1987) using a glass and calomel electrode system. The results are given in Table C-1.

Table C-1. "f" Factors Determined In 5.0 and 6.0 M NaCl

Concentration -log[H*] -log[H*InBs Difference Between the
: pH Scales

5.0M 8.956 8.258 0.70

6.0 9.142 8.263 0.88

C-2



These results yield the following equation that can be used to estimate the "free” proton concentration in the
‘WIPP brines: -

pHp = pHypgs + (0.18 I-0.20), (C-4)

which is valid from ionic strength, I =5 to 7 (the subscript F is used to denote the free proton). This equation has
been used to estifnate the values of pHg, for the brines in Table 4. The concentration of the total proton in a brine is
related to the free value by

-+
ity = I

= ) C-5)
(1+ K07 [S03 7D

where Kygo, is the stability constant for the formation of HSO, . The values of Kygo, calculated from the Pitzer

program have been used to estimate the difference between the two pH scales

pHT = pHF +log(1+ K50 [SO5 D . (C-6)

The values of pHy can be used to estimate the concentration of various acidic anions at a given pH in the brine using
the ionization constants provided in Table 6. The concentration of B(OH); = B can be estimated from

- Ky

[B(OH)3] = HBlT |[———7— (o1}
Kyp + M It

The values of B(OH)z (given in Table 4), as well as other acid anions, such as HCO3 and CO%‘, can be

calculated in this same manner. The final composition of the brines, after adjusting for the concentration of
B(OH)Z and balancing the equivalents is given in Table 4.
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APPENDIX D: ESTIMATION OF ACTINIDE SOLUBILITIES IN WIPP
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Repoit
Estimation of Actinide Solubilities
in WIPP

- Gregory R. Choppin

Introduction

The purpose of this study was to provide® estimates of the
probable solubility of actinides in the WIPP repository based on
stability (complexation formation) constants, 4j, and solubility
products, Kgp- Upper and lower limits as well as the most pro-
bable values of the 'solubilities were requested for two solu-
tions, the Castile and the ingrarnular Salado brines. These cal-
culations required a review of the =available literature data,
estimates of 43 and Ksp values for the possible species at the
jonic strength and pH values of these brines and use of these
estimated values to predict the species in solution and the net
solubilities. The uncertainties in redox conditions did not
aliow reasonabie estimates of the relative concentrations of
species of different.oxidation states of the same element (é.g.,
plutonium). - .

The brine compositions were provided by L. Brush:

Salado Castile
B 151 mM - 92 mM
Br 13 mM 6.4 mM
; Ca 10 mM 8.7 mM
Cl 6.07T M 5.02 M
K 510 mM 74 mM
Mg 1.0 M 66 mM
Na 3.9 M 6.00 M
SOy . 160 mM 190 mM
Total C(HCO3) 0.436 mM 5.6 mM

pH 6.1 7.06




From these data, the ionic strengths were calculated to be: 7.66

M for the Salado and 6.14 M for the Castile brines.

Literature Data -

The brine composition indicated that complexation by Br-,

Cl-, S0z2 and €032 and hydrolysis are the sources of the possible

species of the actinides. However, since Br~ is a weaker com-~-
plexor than Cl~ and the concentration is much less than that of
Cl~™, complexation by Br~ was not considered. In addition to the
inorganic anions in the brines, several organic liéands are pre-
sent 1n the wastes. The possible complexation of the actinides
by these ligands as the wastes are released to the brines must be
considered in the speciation. T@e.ligands and their estima£ed

(L. Brush) concentrations in the brines are:

Concentration
Minimum Average Maximum
Citrate C.0364 mM 0.193 mM 0.481 mM
EDTA 3.13 x 10~4 mM 6.26 x 10~4 -mM 1.56 x 103 mM
TTA 7.31 x 103 mM 0.0146 mM 0.0365 mM
8-0OH Quin- 0.0338 mM 0.0676 mM 0.169 mM

olinate

A number of authors have compiled the stability constants
available in the literature and these sources were reviewed for
appropriate values. For the inorganic ligands, compilations by
Phillips, et al. (1), IAEA (2), and Kim et al. (3) were useful.
The data base for the Livermore Lab EQ 3/6 code was also checked.
The values for the organic ligands were obtained from Martell and

Smith (4) and an IAEA review in progress (5}. Unfortunately,



there were no experimental values for any of the stability con-
stants of interest at the ionic strengths of the brines. For a
few metal-ligand systems, data existed up-to 2-3 M ionic
strength, but for the majority of the metal-ligand pairs of in-
terest, values of 43 and/or Kgp existed onl§ for 1 M ionic
strength or lower. In all systems, the values ;t.different ionic
strengths were reported by different research groups using a
variety of techniques. The values were often contradictory, so
the more valid value was frequently a matter of sﬁbjective Judg-
ment. Another problem which interfered with as reliable an esti-
mation as desirable was that the experimental values of 8 are
consistently limited to 1:1 (me?al:ligand) or 1:2 complexes
whereas the 1:3 and 1:4 complexes are frequently of greater in-
terest.

Since the 33 values are limited to lower ionic strengths, it
was necessary to estimate the values at 6.14 M an&'7.66 M ionic
strengtias. The Radioactive Waste Management Committee of the
Nuclear Energy Agency of the OECD has reviewed the theoretical
and empirical methods of estimating étability constants at un-
known ionic strgngths. The order of preference for use in the
NEA Thermochemical Data Base is:

1. the specific ion interaction method in the . Guggenheim-

Bronsted-Scatchard form; '

2. the Davies equation.

The latter is useful for I < 0.1 M (e.é., for estimation of
8i at very low-ioﬁic strengths of many natural waters). The

specific interaction models adopt equations of the form:




82 11/2
log 85 = log 89 + __ - ar -1 (11
1+B 11/2
where 59 is the stability constant at infinite dilutions. aZ2% is

given by

az2 = ‘Zcomplex)2 - (Zf + Z%igand) -

B is set at 1.5 for most systems. AL is the difference in the
specific interaction parameters of the metal (M), ligand (L) and
inert electrolyte (NX). For these brines, NX can be considered

NaCl. Thus, AL is equal to:
- AL = I(ML;j, X) - iZ(N,L) - E(M,X)

Compilations of T values are av;ilable (6,7) but these do not
include most of the complex species of interest to this study.
As a result, a modified approach was used.

Equation 1 can be rewritten to the same form as the "ex-
tended Davies"” equation form:

log 8; = log 59 + ' + bI (2)

1+1.5 11/2

in which b replaces -al. If s3 values are known at different

ionic strengths, Eq. 2 can be used in the form:

az2 11/2
A = log 83 - = log 59 + bI (3)

1+1.5 11/2

Plots of A vs. I should be linear with a slope of b and intercept
of log 59. This relationship has been used up to 3 M ionic

strength (1) but is untested experimentally above this value.



Despite the uncertainty of the validity of equation 2 in the
range of 6-8 M ionic strength, it was used in this study as no
other approach was feasible. The plots of A vs._I had the advan-
"tage of testing the value of the literature data by calculating
the correlation coefficient of the linear relation. Rarely were
more than 3 or 4 values of 4; at different I available for any
complex which further increases the uncertainty in the final
values calculated for I = 6.14 M and 7.66 M.

To show the results of use of equation 3, the variation of
log 435 as a function of I is shown in Figures 1-3; Figure 1
shows the data for férmation of the monofluoride complexes of
Am*3, Tht4, and U032, The experimental values are labeled "e" on
each curve. The dotted curve for AmF*2 is based.on expefimental
values in ref. 2 (I = 1 M maximum) whereas the solid line in-
cludes an unpublished experimental value at I = 6.0 M from this
laboratory. The difference in these two curves -indicates the
problem in using eq. (3) for data of I < only. Figure 2 shows
the parallel behavior of the calculated curves for ThF*+3 and
ThF§2 formation. Figure 3 shows this parallel behé?ior persists
even for 1:4 cqmplexation. Where no 483 (i > 1) values were
available, this parallel behavior was used to obtain estimated

values for the higher complexes.

Speciation Results

The values of log 4; obtained By these procedures are listed
in Table I. Values of pK;, calculated by the same procedure are
included as they were used in calculation of hvdroxide Eoncentra-
tion. The values of pK, for HCO3 - C032 + H* were calculated

also and were 9.7 (6.14 M) and 0.9 (7.55 M).




The amount of each species relative to the aquated cation
(e.g., PuCl*z/Pu+3) were calculated by the relation:

- [MX] -
) R = = 8 ° [X] (4)

——

M

where [X] is the concentration of the "free" ligand. For simpli-
city, the free ligand concentration was assumed to be the ligand
concentration of the brine as listed previously. The calcuiated
R values are listed in Table II. From those values, it is clear

that the significant species are:

Oxidation State Dominant Species
- III M(OH)p
v M(GH),;
\Y MOoCl
Vi MO2(OH) 2

No reliable values exist for formation of M(OH)§1 and
M(OH)9. The values of the EQ 3/6 data base (I:O{ allowed esti-
mates of Kj/Kg and Ki/K3 ratios which should be relatively inde-
pendent of I(K; = 81, Kg = 42/81, K3 = 43 82). Estimates from
these data indicate that M(OH)*2 would be in 50 fold excess over
the higher order complexes. 'The estimated 87 in Table 1 seems
rather high so we conclude M(III) would exist in the brines as a

mixture of mostly M(OH)*2 and M(OH)3.

Speciation by Organic Ligands

Estimation of the effect of the organic ligands on specia-
tion is much more difficult.
For 8-hydroxyquinoline, no stability constants are avail-

able. However, at the pH values of the brines, this ligand would



re%ain protonated at the nitrogen site, weakening complexation.
Extraction with this ligand of Ln*3, Pu*?, and U032 into organic
solvents is performed in the pH range of the brines, which re-
flects greater organic solubility and, by implication, less com-
plexation in the aqueous phase. We conclude that complexation of
actinides in the brines by 8-hydroxyquinoline és,not a concern at
the concentrations of ligand present although this conclusion
cannot be confirmed by calculations.

Values of log 41 are available at 0 and 0.1 ¥ ionic strength
for complexing of ﬁ0§2, Tht4, Put4, and 'Nd*3 by acetylacetonate,
AA (Nd*3 is a good analog for trivalent actinides). The values
éanged ffom 5.4 to 9. This ligand is a 5-diketonate.with similar
binding characteristics to those of thenoyltrifluoroacetone
(TTA). Since the K5 of AA is 100 times larger than that of TTA,
the log s values of TTA complexation would be at least 10 times
smaller; i.e., log s1 for TTA complexes is at least 1 unit less
than that for AA complexes. We also found that the curves of log
g1 vs. I for actinide complexation (Fig. 4) by acetate indicated
that log 83 at I ~ 6-7 M is comparable to log 835 at' I = 0. From.
these considerations and the log 33 for AA complexation, values
of log 43 of 4.5 (M¥3), 8 (M+4); 6.5 (MO32) were used to estimate
the speciation with TTA. These showed that at the maximum c§n-
centration of TTA, no significant effect of TTA complexation
would be present.

Values of log 4; for citrate complexation of actinides are
limited to I = 1 or less. This prevents use of eq. 2 for esti-

mation of log 4; at I = 6-8 M. Moreover, the high concentration

~1




of Mg*z in the Salado brine would result in formation of Mg-Cit
complexes and reduce the free citrate to very low values. Assum-
ing the citrate is all bound by Mg*2, the "free" citrate can be
estimated as: -

[Cit]ls = [MgCit])/BMgcit ' [Mg]”

= (0.5x10-3)/102x(1) = 5x10‘5'M.
For M¥3, the log 47 at I = 0 is ca. 9, therefore

[MCit]
8  [Cit] = 109(5x10-6) = 5x103

{(M]

Since [M(OH)1/{M] = 2x108, the MCit is a negligibie contribution
(¢ 1%). A similar estimation for the Castile brines indicates
that the citrate complex of M*3 would have an equally small con-
tribution (i.e., < 1%). The citrate would affect the M*3 more
than the more extensively hydrolyzed M*4 and MO§2 ions so the
effect on these latter woﬁld be << 0.1%. The estimates for the
MOZ cations is less certain as no log 4 values for NpO2Cit~2 are
listed. Assuming these values are the.same as tﬁat for CaCit~
formation (ca. 5), it is estimated that the effect of citrate.
complexing is ca. 1% of the NpO2Cl fqrmation in the Salado brine
and 5-10% in the Castile brine - assuming the m;ximum citrate
concentration. "Using the ’progable’ value of citrate, the effect
for MO3 can be ignored unless log 2 (MOgCit‘z) is > §, which is
unlikely.

The complexation of metal ions by ethylenediamminetetraace-
tate, EDTA, is very strong. We can assume strong complexation by

Mgt2 so (MgEDTA] = [EDTA]. Thus,



[EDTAlf

[MgEDTA]/{Mg] * BMgEDTA

1.6x10’15 M for Salado brine

2x10-14 M for Castile brine.
The experimental values for the actinide complexes are:

Mt3-EDTA, log 4

17.0 (0.1 M), 16.2 (0.5 M);

Mt4-EDTA, log 4 = 26 (0.1 M);

MO3-EDTA, log 4 = 7.3 (0.1 M);

MO32-EDTA, log 4 = 10.4 (0.1 M).
Arbitrarily, one unit was added to the 0.1 M values to obtain the

estimated log 8 for 6-8 M ionic strength. This results in values

of R of:
i Ion R (Salado) R (Castile)
Mt3 1.6x103 2x10%
Mt4 1.6x1011 2x1012
MO32 3.2x10"7 4x10-6
MO032 5x10~4 §x10~3

When these R values are compared to those in Table II, it is
obvious that the EDTA would have .no significant effect on the
speciation of any of the oxidation states, even at its highest
concentration. .

We conclﬁde that the organic ligands in the wastes would not
have significant effect on the speciation of the actinides with

the possible exception of the MO3 in the Castile brines. Even in

this case, the probable increase in solubility is < 5%.

Redox
Due to the uncertainties in the redox characteristics of the

various areas of the repository, no redox speciation was




attempted. Americium would be present as Am+3, thorium as Th+4,

but the redox speciation of U, Np and Pu is uncertain.

Solubilities

The inability to perform redox speciation makes it impracti-
cal to predict elemental solubilities. However, the solubility
for a particular oxidation stdte can, within the limitation of
the available data, be estimated if we assume no perturbation by
a lower solubility of another oxidétion state of a particular
element. Almost no data is given on the variatio; of Kgp values
with ionic strength. To minimize this deficiency and, noting
éhat the hydroxy species are dominant for the M*3, M*4, ang M0§2
species, the Kgp values of the EQ 3/6 data base have been comn-

bined with the log 8i values (both at I = 0) of the neutral hy-

droxy species to obtain an equilibrium constant for the reaction:
M(OH)Q(s) = M(OH)n(aq); log Q@ = [M(OH)p(aq)] (5)

The lack of charges in this equation should, in principle, make
the log Q independent of ionic strength. 1In practice, it is not,
but the present state of experimental data and of theory offer né.
attractive altérnative to this ;pproach.

For Am(OH)3, this approach gives a solubility of Am(OH)3 of
10-7 M. ﬁowever, if this is wvalid, this must be multiplied by =a
factor to obtain [Am(OH)*2] + [Am(OH)3], which are the dominant
species. This result is a prediction of americium(III) of ca.
10-4 M  Kim, et al. (8) report solubilities of 10-9 M (pH ~7)
which reduces to 1076 M at PH ~7.6 in 0.1 M NaClO4 and 106 M at

pH 6.7 in 53 M NaCl. So, a solubility of ca. 10-5 - 10-6 M is

10



reasonable for the WIPP brines for the trivalent state of the
actinides (assuming no effect of redox).

The calculations for thorium give a solubility of ~10-6.5 y,
However, Ryan and Rai have measured the solubility of Thoz(am) in
0.1 M NaClO4 solution to be ca. 10-9 M above pH é {8). They give
a value for the loé KSp of ¢ 44.8. With this ;aiue, a new solu-

bility of 10-8-5 M is obtained:

log K
ThO2 (am) + 2Hg0 = Th*% + 40H-  -44.8
Th*4 + 40H- = Th(OH)4(aq) 36.3
ThO2 (am) = Th(OH)4(aq) - 8.5
For Pu(IV), using the values of Rgi (10), this procedure gives a

solubility of 10-10.4 M, Such a value is consistent with the
solubility studies of Kim (8).

The solubility of MO§ is very difficult to estimate. Plu-
tonium has been found to exist, at concentrations- < 106 M, as
PuO§ in reutral, ocxic solutions. However, the solubility is
determined by the redox reaction which forms the insoluble
Pu(OH)4. In such systems, the solubility of Pu0§ is very depen-"
dent on the redox potential and on the pH. Based on the data for
I =0 in the EQ 3/6 data base, the solubility of NpO% (as NpO2Cl)
is estimated to be 5x10~9% M, which seems orders of magnitude too
low.

FornMofz, the data for uranyl can be used from the EQ 3/6
data base as a first estimate. For UO3(ap) or UO2(CH)2(am). if

the equations are valid as written - e.g.,
UO3(am) + 2HY = U032 + Hp0; log K = "10.41

11




a solubility of UO§2 of ca. 10~% M is estimated at pH 7. For
UO2(OH)2(am)» the solubility of UO§2 would be 10-8:-8 M, Since
the U62(OH)2 is the dominant species, the solugility_of'voﬁz must
be multiplied by R (10‘8°8 X 105'7) which gives 10~2-1 M as the
net solubility. This is much too high and suggests that the log
K above must be erroneous. The concentration of uranium in sea
water is ca. 108 M, due mainly to the U02(003)§4 species.
Therefore, at I = 0.7 M we assume the solubility of UO2(OH)2(aq)
to be lesé than 10-8 M. Estimating log 42 at I = 0 for forma-
tion of UO2(OH)g2 to be 16.6 (i.e., Ki/K2 = 6.3), for the reaction
of eq. 3 Qe obtain log K = -5.6, in&icating a solubility of U(VI)

&

(as UOg(OH)2) .of 1075:6 M,

Colloids

This report has ignored the possible effects of colloids
which are common in neutral and basic solutions. "~ Colloids pro-
vide a large net surface area which may have a high teuadency to
sorb actinide species, especially if these.latter are hydrolyzed.
Kim (3,8) has paid particular attention to this problem, but the
data are too .site-specific to allow use in modeling analysis.
However, the presence of colloids in the brines could serve to
increase the concentration of actinide ions.(particularly in the
III, IV, and VI states) in the solgtiqn phase. For brine moving
through a packed structure, the colloids may be reduced but this

is an effect which should be evaluated.
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Summary

For the Castile and Salado brines, the actinides should
exigt as hydrolyzed species except in the pentavalent state when
they would more likely be the mono and/or dichlorocomplex. M+3
is predominantly MOHt2 whereas M*% and MO32 are the neutral
species, M(OH)4 and MO2 (OH) 2, respectively. Thé organic contami-
nants iﬂ the waste would not perturb the speciition (or the solu-
bility) except in the case of MO3 where a ¢ 5% effect could
occur.

Solubilities are more difficult to calculate. The estimated
colubilities are 10-5 to 10-8 M for Am(ITII), 10710 - 10-11 ¥ for
Pu(IV), 10-8:5 M for Th(IV), ca. 10-8 M for NpOyCl, and ca. 1076
M for U(VI). However, no solqbility data could be found for
higher ionic strengths so these estimates are based on I = 0 and
must be considered as quite uncertain.

Measurements of the hydrolysis constants (Ai) at 6-8 M ionic
strength are necessary to confirm these measurements. Stability
constants for EDTA and citrate at these jonic strengths in the
presence of Mg(II) are also necessary to eﬂsure ?he absence of
solubility increases by these chelators. Finally, the binding b&
sidereophores in these brines are necessary to learn if microbial
byproducts could increase the solubility.

No data exists on the necessary Ksp data for the ionic
strengths of these brines. These measurements on the hydrous
oxidesware necessary as the Ksp values used in this study are not

reliable. Finally, solubilities of NpO2Cl and NpO2OH is neces-

sary.
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Finally, proper evaluation of the Np and Pu solubility is
very dependent on the oxidation state present in the sealed re-~

pository. This should be of highest priority.
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Table T

Estimated Stability Constants (log 3)

a. Castile Brine: = 7.66 M; pKy = 13.58
Species M3 Mt4 MO3 MO32
MC1 -0.15 0.43 1.0 -0.27
MSOgq 1.85 6.08(7?) 0.76 1.80
MCO3 6.73 12.5 0.76 7.86
MOH 12.8(?) 13.4 3.0 11.1
M(OH) o _— - _— 22.0(7)
M(OH) 4 -— 48.0 _—- —
b. Salado Brine: = 7.66 M; pK;;, = 13.55
MC1l 0.13 0.60 1.0 -0.17
MSO4 2.08 7.66 1.18 2.51
MCO3 7.13 12.9 1.18 8.12
MOH 14.7(?) 13.8 3.0 12.2
M(OH) 2 ——— —-—- -——— 24.0(7?)
M(OH)4 -—— - 49.0 -— -——-

(?) indicates that, although this is the value obtained by the
methods described in the text, it seems -too large.
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Table II

Calculated R Values

I(M) Recy Rsoy Rcog Ron- R(OH) g
a. M*t3
6.14 3.6 13.5 60.2 1.8x106
7.66 4.5 19.2 0. 2.9x107
b. Mt4
6.14 neg. neg. neg. 7.1x106 2.5x1027 *
7.66 24.0 52.0 480.0 3.4x106 1.6x1028
c. MO3
6.14 50.0 0. neg. neg.
7.66 0.0 2.4 neg. neg.
d. Mo32
6.14 2.5 neg. 8.0 3.7x104  5.6x106 ¥
7.66 4.1 neg. neg. T.9x10% 3.2x109
n=4
n= 2

17
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APPENDIX E: ADDITIONAL INFORMATION ON BRINE LIGANDS

The concentration of the carbonate ion in the brine can be determined from the total concentration of CO,,
[COZ]T =1M, by

_ K,
[CO3 Iy =[CO I ——2—|, . E-1)
. 3 Ir 21t K+
where the subscript T refers to the total concentrations. The values estimated from this equation are given below and
represent the maximum values one would expect in the brines if the choice of [CO,]t is correct and is not greater
than IM. The concentration of carbonate in the brine will most likely be controlled by the Mg2* jon concentration
and the solubility of MgCOj in the brine. The equilibrium concentration of the CO%' ion can be estimated from

[CO%}r = E-2)

Mg?*lp
The value of Ksp* = Ksp/{yp(Mg) Yr(CO3)} can be estimated from the infinite dilution value of pKsp=7.6to 8.1
(Mucci and Morse, 1990, Table 1 ) given in Table E-1 and the total activity coefficients given in Table 5. This yields
what we call the minimum values of total carbonate in the brines (Table E-2). These estimates from the solubility of
MgCO; are lower, but are probably more realistic. It would be useful to do a full analysis of the brines that would be
expected uvsing the Pitzer equations with the solid phases included. Other metal carbonates could also effect the
carbonate levels in the brines. Certainly the input speciation calculations should be made at variable amounts of total
carbonate. The total inorganic carbon dioxide of Brine A was 0.010 M. This value of [COsly gives a value of
[CO%‘] =6x10"*M . Itis close to the value estimated from the MgCOj3 and will be used in further calculations for

Brine A.

The other inorganic ligand that is important in the brines is the [OH-] ion, the concentration of which can be
estimated from the values of K, in the brines (Table 6).
Kw*
[H*]

[OH] = (E-3)

If the input proton concentration is made as the free value, then the values of K, * should also be made on the free
scale, K* = K, + [Ye(H) Ys(OH)]. Because the formation of most hydroxide complexes are given as hydrolysis
constants relative to [H']g, the free scale is normally needed. It should be pointed out that the activity coefficients
and resultant constants given in Table 5 include the interactions of Mg2* with all the major anions in the brine
(CI,Br~, SO%~, OH~, HCO;, CO%", and B(OH); ). Estimates of the free or uncomplexed ions in the brines
can be approximated from the activity coefficients of Na*, CI" and ClOj solutions (subsequently documented in
Millero, 1992, and in Millero and Hawke, 1992) given in Table 9.
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Table E-1. The Solubility Product of Divalent Metal Carbonates

Carbonate (Mineral) pKsp

MgCO, 7.59, 8.09
CaCOj (Aragonite) 8.31

- CaCOj3 (Calcite) 8.48 =

SrCO3 9.27
BaCOs; 8.55
NiCO; 6.87
CuCOs 9.63
CoCOg 9.98
ZnCO4 10.00
MnCO; 10.59
FeCOs3 10.91
CdCO;4 11.31
- PbCO;4 13.21

(Mucci and Morse, 1990, Table 1)

Table E-2. Maximum and Minimum Values of Total Carbonate in the Brines

G-Seep SB-3 Brine A Brine B
pKsp* 5.04-5.54 4.92-542 4.64-5.14 5.83-6.33
(Co¥ Max  0.0070 0.0092 0.0594 0.0044

Min 1x105 1.2x 1075 2x 105 2x104
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APPENDIX F: SUMMARY OF MASS ACTION EQUATIONS USED FOR CALCULATING
_ CONCENTRATION VALUES FOR THE 0.1 AND 0.9 FRACTILES
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Thorium (s) = solid

Dominant aqueous

species Solubility limits imposed by solids
Th(OH)4(aq) upper limit - eq. w/ Th(OH)4(s)
. loga; =—6257

lower limit - eq. w/ ThO (thorianite)

loga; =-14.05+2logay,o

Th(OH) 4 (s) / Th(OH)J

Th(OH)4(s) = Th(OH)g log K =-6.257

log amy (OH)? =-6.257|in eq. w/ Th(OH)4
ThO,(s) / Th(OH)§
ThOy(s) + 2H,0 = Th(OH)(aq) 14.05
log 21 om? = —14.05+21og ap,0|in eq. w/thorianite
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Uranium

Dominant agueous

species Solubility limits imposed by solids
U(OH)4(aq) - upper limit - eq. w/ UOp(am) -

loga; =—444+2log aH,0

lower limit - eq. w/ UO7_g667(~U303)

loga; =-2539-03333log fo, () +2l0gay,0

U0, (CO5)2" upper limit - eq. w/ UO3 - 2 H,0

loga; =114+2log chog —3logay,o
lower limit - eq. w/ UO9

1
loga; =2397+2log chog +—2—logf02(g)
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Neptunium

Dominant aqueous

species Solubility limits imposed by solids
NpO,CO3 - upper limit - eq. w/ NpO2(OH)(am) -

loga; =—149+log e 05 —logag,o
lower limit - eq. w/ NaNpOCO3-3.5H0

loga; =—6.96—~log At~ 35logay,o

Np(OH)s upper limit - eq. w/ Np(OH)4
loga; =—-1349+pH+logay,o

lower limit - eq. w/ NpO»p

loga; =-22.1+pH+3logay,o

ES5




NpO, /Np(OH)5

Np** +5H,0 = Np(OH); +5H* -14.3
NpO, +4H" =Np** +2H,0 -7.8026
NpO,-+3H,0=Np(OH); +H" -22.1 -

—221=1log aNp(OH)g —pH-3log aH,0

loga =-22.1+pH+3log ay,0

Np(OH)5

Np(OH)5 /Np(OH)4

Np(OH)3 +5H" = Np** +5H,0 143
Np** +4H,0 =Np(OH),+4H' —08103

Np(OH)s +H" = Np(OH),(s)+H,0 134897

134897 =-log ANp(OH)3 +pH+logay,o
=~134897+pH +logay,o

logan, omy

NaNpO,COs-35H,0/ NpO,CO3

NaNpO,CO3 -35H,0=Na* +NpO3 +CO5™ +35H,0 -11563
NpO3 +CO3%~ = Np02CO3 46
NaNpO,CO5 -35H,0 = Na™* + Np0,CO3 +35H,0 — 6963

—-6.963 =log At T+ loga 05 +35loga

NpO,C H,0
=-6963-log At~ 35log 2g 0

- {o830,c05
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NpO,CO3 / NpO,OH(am)

NpO% +C0%~ = Np0,CO3 46
H* +NpO,0H =NpOj +H,0 42364
_HCO3 =C0% +H* ~103288

NpO,(OH)(am) + HCO3 = Np0,CO3 +H,0  —14924

—14924 =log aNpO2CO§ +log aH20 —log aHC03
=-14924+loga

loga

NpO,CO3 rco; ~1982y,0




Plutonium

Dominant agueous
species

PuO3 -

Pud+

Pu(OH)5

Solubility limits imposed by solids

upper limit - eq. w/ Pu(OH)4 -

loga; = 2.94+%10g fo,(g) —PH—25logay,o
lower limit - eq. w/ PuOp

loga; =-5.19 +%log fo,(g —PH —%log aH,0
upper limit - eq. w/ Pu(OH)4

loga; = —3.02——41f—log fo,(g) —3pPH-35logay, o
lower limit - eq. w/ PuOp

loga; =—1 1.15—%10g fo,(g) —3pH—15log ag,0
upper limit - eq. w/ Pu(OH)4

loga; =-1422+pH+logay,o

lower limit - eq. PuOg

loga; =-2234+pH+3loga
i H,0



Pu(OH); /PuO,

Pu(OH);5 +5H™ = Pu** +5H,0 149802
Putt +2H,0 =PuO,(s)+4H" 73646

Pu(OH)35 +H™ =Pu0O,(s)+3H,0 223448

logK=pH-loga - +3loga

Pu(OH)3 H,0
Pu(OH); = 223448+ pH +3log apo| ©@ w/ PuOg(s)

loga

Pu(OH); /Pu(OH),

Pu(OH); +5H™ =Pu** +5H,0 14,9802
Putt +4H,0 =Pu(OH)(s)+4H" —07578

Pu(OH)5 +H' = Pu(OH)4(s) +H,O 142224

logK =pH-loga

pucom); T1082y,0
log ap, (OH)3 =-14.2224+pH +log aH20 eq. w/ Pu(OH)4(s)

Pu>* / PuO,
PuO, +4H™ =Pu** +2H,0 —7.3646
1H,0+Pu** =Pu™ +10,() +H" —37825
PuO,(s)+3H" =Pu>" +15H,0+70,(g) ~11.1471

= 1
-111471=1log ap s+t L5loga H,0 +2 log fOz(g) +3pH

loga,, 3+ =—111471-15loga Liogf

1,0 ~4108 T, ~3PH




Pu** / Pu(OH),

Pu(OH), +4H* =4H,0+Pu*" 07578
1H,0+Pu** =Pu* +10,(g)+H" —37825
Pu(OH)4 (s) +3H* =Pu’" +35H,0+1 05 (g) —3.0247
— - 1
-30247 =log ap 3+ +3.51og aHzo +7 log £ 0y(a) +3pH
— _1 —3pH—
log ap 3+ =—30247—;logf 04(2) 3pH-35log ap 0
PuOj / PuO,
PuO, (s)+4H" =Pu** +2H,0 ~73646
10, +Pu** +15H,0 =Pu0O} +3H* 21773
PuOy(g) +H™ +7.0,(g) = PuO3 +1H,0 -5.1873

~51873=logap, s +3logag,0 —10g fo, g +PH

__ 1 _oH-1
log aPuO; =-51873+log fo2 © pH—>log aH20
PuO3 / Pu(OH),
Pu(OH)4(s) +4H* = Pu** +4H,0 07578
10, +Pu** +15H,0 = PuO} +3H* 21773

Pu(OH)4(s)+1 0, + H" =PuO +25H,0 29351

— 1
. |log pyo =29351-pH +log fOZ(g) —25logay,o
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Americium (am) = amorphous

- - (s) =solid
(aq) =aqueous

Dominant agqueous

species Solubility limits imposed by solids
AmCI} upper limit - eq. w/ Am(OH)3 (am)

loga; =1846+2log - —3pH—-3logay,o

lower limit - eq. w/ AmOHCO3
loga; =329 —log aHCO; —2pH +2log A~ logay,o

AmOHCO3/ AmCl3(HCO3)
AmOHCO; =Am>" +CO%~ +0OH™ 226
co% +H? =HCO3 10.3288
OH™ +H™ =H,0 14
Am3* +2C1” = AmCl3 1.5628
AmOHCO; +2CI™ +2H" = AmCI} + HCO3 +H,0 32916

32916=loga AmCIS +log 24co; +logay,o +2pH—-2loga -

loga AmCE} = 32916—log 2pco3 —-2pH+2loga~- —logaH,0
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Am(OH)3(am) / AmCI}

Am(OH)3(am) = Am>* +3(0H") —251

3(oH™)+3HY  =3H,0

Am>* +2CI° = AmCl}

42

15628

Am(OH)3(am)+3H" +2CI" = AmCI} +3H,0 184628

184628 =loga AmCI +3logay, o —2log a~-+3pH

loga AmCI} = 184628+2loga

(ol

—3pH-3logay,o
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APPENDIX G: PITZER EQUATIONS

Pitzer (X.S. Pitzer, Activity Coefficients in Electrolyte Solutions, 2nd Edition, CRC Pn:.ss, 1991, pp. 76-101) has
shown that the partial molar (or molal) thermodynamic functions (chemical potential, Helmholtz free energy, etc.) of
electrolytes in high-ionic-strength solutions are functions of the electrostatic interactions of the ion species.
Thermodynamic functions can therefore be expressed in terms of the ion concentrations. The activity coefficient for
a cation M in a solution where only binary cation-anion and ion-neutral interactions are considered, may be
expressed as (Harvie, C.E., Mgller, N., Weare, J.H. Geochim. Cosmochim. Acta. V. 48, pp. 723-751, 1984)

N, N, N, N,
InYp =234 + ), My 2By + ZCua) MY, O meyCoq + D My (Phsag) (G-1)
a=1 c=1 a=1 n=1

where Yy is the activity coefficient of cation M, the subscripts a, ¢, and n refer to all anion, cation, and neutral
species, respectively, z is the ionic charge, Z is the weighted sum of the solution charge, and A represents the ion-ion
or ion-neutral interaction. By is a function that describes the chemical interactions between species M and species
X and depends on the charge of the individual ions. For "2-2" electrolytes (e.g., MgSO,), an expression for By
would be

1 1
Byx = BMX(O) + BMX(I) exp(—o,12)+ BMXQ) exp(—0.,12) (G-2)

where I is the ionic strength and the coefficients o are characteristic of the electrolyte type (2-2, 2-1, etc.). The
coefficients B©, B, B are "Pitzer parameters.” The other Pitzer parameter is C° in the equation

Carx = _< (G-3)

|zsz|

where Cyx is the coefficient C,, in Equation (G-1).
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